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With t h e  advance of high-speed e l e c t r o n i c  computers ,  numer ica l  models a r e  
be ing  e x t e n s i v e l y  used i n  ana lys ing  groundwater f low problems. Y e t ,  con- 
f u s i o n  and misunders tanding  s t i l l  surround t h e i r  a p p l i c a t i o n ,  even though 
such famous o ld- t imers  as Laplace and Newton were long  ago app ly ing  numer- 
i c a l  t echn iques  t o  s o l v e  phys ica l  problems. 
It cannot  be denied  t h a t  t h e  r e s u l t s  of  some groundwater models have proved 
e r roneous .  Th i s  h a s  l e d  a number of h y d r o l o g i s t s  t o  o v e r r e a c t  by concluding  
t h a t  groundwater model l ing  i s  wor th l e s s .  A t  t h e  o t h e r  extreme we f i n d  t h e  
admi re r s  of models, who uncond i t iona l ly  accep t  any computer r e s u l t ,  even i f  
i t  makes no h y d r o l o g i c a l  sense .  Between t h e s e  two ext remes  t h e r e  i s  t h e  
s i l e n t  m a j o r i t y  of h y d r o l o g i s t s ,  who regard  computerized groundwater model- 
l i n g  as an  e s o t e r i c  t echn ique  p r a c t i s e d  on ly  by t h e  happy few of i n i t i a t e s .  
It i s  p a r t i c u l a r l y  f o r  t h i s  ca t egory  of c o l l e a g u e s ,  and f o r  s t u d e n t s  as 
w e l l ,  t h a t  w e  have w r i t t e n  t h i s  book. For t h o s e  who be long  i n  t h e  two ex- 
treme c a t e g o r i e s ,  w e  hope t h a t  we can a l l e v i a t e  a t  least some of t h e i r  
misconcept ions  about groundwater models. And y e t ,  one should n o t  expec t  
miracles from models, which a r e ,  and cannot be any th ing  more than ,  s i m p l i f -  
i c a t i o n s  of t h e  complex cond i t ions  t h a t  we f a c e  i n  n a t u r e .  
A w e a l t h  of pape r s  have been w r i t t e n  on numer ica l  groundwater models; bu t  
i f  a g e o l o g i s t  o r  h y d r o l o g i s t  wants t o  apply  t h e  t echn ique  desc r ibed  i n  
them, he  s c a r c e l y  knows how t o  proceed. I f  a manual i s  a v a i l a b l e ,  i t  w i l l  
v e r y  l i k e l y  d e s c r i b e  how t h e  model w a s  developed b u t  n o t  how it  should be 
used. Groundwater model l ing  i s  a m u l t i d i s c i p l i n a r y  s c i e n c e ,  i nvo lv ing  
X 
geology, c l ima to logy ,  s u r f a c e  water hydro logy ,  groundwater h y d r a u l i c s ,  and 
computer language .  A person  f a m i l i a r  w i th  a l l  t h e s e  d i s c i p l i n e s  i s  a r a r e  
pe r son  indeed. Neve r the l e s s ,  w e  hope t o  guide  a p o t e n t i a l  u s e r  th rough t h e  
maze of t h e s e  d i s c i p l i n e s  and show him how t o  deve lop  and c a l i b r a t e  a model 
and p u t  i t  i n t o  o p e r a t i o n a l  use .  
A s  a s e r v i c e  t o  our  r e a d e r s ,  we a r e  o f f e r i n g  a copy o f  t h e  computer programs 
i n  t h e  form of a complete set of punched computer c a r d s .  These can  be 
o rde red  from I L R I ;  t h e  o n l y  c o s t s  involved  a r e  those  of  copying t h e  programs 
and of ma i l ing  t h e  ca rds .  Also a v a i l a b l e  i s  a tes t  example, which a l l o w s  
t h e  u s e r  t o  check whether he  i s  hand l ing  t h e  model c o r r e c t l y .  
We a r e  g r a t e f u l  f o r  comments and sugges t ions  r ece ived  from c o l l e a g u e s  and 
s t u d e n t s  who r ead  t h e  manuscr ip t  c a r e f u l l y  and drew our  a t t e n t i o n  t o  
shortcomings and unc lea r  s en tences .  I n  p a r t i c u l a r ,  w e  wish t o  thank  M r .  
I . M .  Goodwill, Department of C i v i l  Eng inee r ing ,  U n i v e r s i t y  of Leeds,  M r .  D. 
MacTavish, Binnie  and P a r t n e r s ,  London, M r .  D . N .  Le rne r ,  London, D r .  J.J. 
d e  V r i e s ,  F r e e  U n i v e r s i t y  of  Amsterdam, D r .  G.P .  Kruseman, I n t e r n a t i o n a l  
A g r i c u l t u r a l  Cen t re ,  Wageningen, M r .  W.  Boehmer, Euroconsu l t ,  Arnhem, and 
M r .  A. Bosscher,  I n t e r n a t i o n a l  I n s t i t u t e  f o r  Ear th  Sc iences ,  Enschede, f o r  
t h e i r  most v a l u a b l e  comments. 
Thanks a r e  a l s o  due t o  M s .  M.  Wiersma-Roche f o r  e d i t i n g  and c o r r e c t i n g  ou r  
E n g l i s h ,  M s .  M. Beerens f o r  t yp ing  t h e  manusc r ip t ,  and M r .  J .  van Di jk  f o r  
t h e  d r a f t i n g .  
I n  p r e s e n t i n g  t h i s  book, w e  hope t o  have made a c o n t r i b u t i o n  t o  a b e t t e r  
unde r s t and ing  of what a groundwater model i s ,  what it can  do ,  and ,  what i s  
probably  more impor t an t ,  what i t  cannot  do. I f  w e  have a ided  i n  e l i m i n a t i n g  
some of t h e  confus ion  sur rounding  groundwater mode l l ing ,  we have ach ieved  
o u r  goa l .  
J .  Boons t ra  
N.A. de  Ridder  
x i  
x i i  
1 INTRODUCTION 
1 . 1  General 
The groundwater i n  a bas in  i s  n o t  a t  rest b u t  i s  i n  a s t a t e  of con t inuous  
movement. I t s  volume i s  i n c r e a s i n g  by t h e  downward p e r c o l a t i o n  of r a in  and 
s u r f a c e  wa te r ,  caus ing  t h e  w a t e r t a b l e  t o  r i s e .  A t  t h e  same time i t s  volume 
i s  dec reas ing  by e v a p o t r a n s p i r a t i o n ,  by d i scha rge  t o  s p r i n g s ,  and by o u t -  
flow i n t o  streams and o t h e r  n a t u r a l  d ra inage  channels ,  caus ing  the  water- 
t a b l e  t o  f a l l .  When cons idered  over a long  p e r i o d ,  t h e  average  r echa rge  
equa l s  t he  average d i scha rge  and a s t a t e  of hydro log ica l  e q u i l i b r i u m  e x i s t s  
The wa te r t ab le  is v i r t u a l l y  s t a t i o n a r y ,  wi th  mere seasonal  f l u c t u a t i o n s  
around the  average l e v e l .  
I f  man i n t e r f e r e s  i n  t h i s  hydro log ica l  e q u i l i b r i u m ,  he may c r e a t e  u n d e s i r -  
a b l e  s i d e - e f f e c t s .  The a b s t r a c t i o n  of groundwater from w e l l s ,  f o r  example,  
w i l l  lower the  w a t e r t a b l e ,  a l low t h e  n a t u r a l  r echa rge  t o  i n c r e a s e ,  and 
cause  the  n a t u r a l  d i scha rge  t o  dec rease .  I f  t h e  a b s t r a c t i o n  i s  kept  w i t h i n  
c e r t a i n  l i m i t s ,  t h e  i n c r e a s e  i n  r echa rge  and t h e  decrease  i n  d i s c h a r g e  w i l l  
balance the  a b s t r a c t i o n  and a new hydro log ica l  equ i l ib r ium w i l l  be e s t a b -  
l i s h e d .  The w a t e r t a b l e  w i l l  aga in  be  almost s t a t i o n a r y ,  a l though a t  a 
deeper l e v e l  than be fo re .  I f  t h i s  l e v e l  i s  t o o  deep, i t  may a f f e c t  a g r i c u l -  
t u r e  and t h e  eco-systems i n  t h e  a r e a .  Excess ive  a b s t r a c t i o n  from w e l l s  can 
cause a continuous d e c l i n e  i n  t h e  w a t e r t a b l e ,  which means t h a t  the  ground- 
water r e s e r v e s  are be ing  dep le t ed .  
Man's i n t e r f e r e n c e  can a l s o  cause  w a t e r t a b l e s  t o  r i s e .  When i r r i g a t i o n  i s  
i n t r o d u c e d  i n t o  an  a r e a ,  f o r  example, m i l l i o n s  o f  cub ic  met res  of water a r e  
t r a n s p o r t e d  t o  and d i s t r i b u t e d  over  a r e a s  which b e f o r e  on ly  r ece ived  scan ty  
r a i n .  Some of  t h i s  water  s eeps  t o  t h e  underground from t h e  c a n a l s  and more 
o f  i t  p e r c o l a t e s  downward from t h e  i r r i g a t e d  f i e l d s .  These water  l o s s e s  
c a u s e  t h e  w a t e r t a b l e  t o  r ise ,  because  t h e  r echa rge  exceeds t h e  n a t u r a l  
d i s c h a r g e .  T h i s  may e v e n t u a l l y  l ead  t o  wa te r logg ing  - i n  a r i d  a r e a s  
u s u a l l y  accompanied by s a l i n i z a t i o n  of t h e  s o i l  - which can r ende r  once 
f e r t i l e  l a n d  i n t o  waste l a n d ,  t o  t h e  de t r imen t  of  l o c a l  fa rmers  and even of  
n a t i o n a l  economies. 
Groundwater and t h e  l a w s  t h a t  govern i t s  f low have  been a s u b j e c t  of 
i n t e r e s t  t o  many s c i e n t i s t s ,  wi th  most of  t h e i r  r e s e a r c h  focus'sed on 
f i n d i n g  s o l u t i o n s  t o  s p e c i f i c  problems of  groundwater f l o w .  For i d e a l  
s i t u a t i o n s ,  s o l u t i o n s  are ob ta ined  by combining Darcy ' s  equa t ion  and t h e  
e q u a t i o n  of c o n t i n u i t y .  The r e s u l t i n g  d i f f e r e n t i a l  e q u a t i o n ,  o r  s e t  of 
d i f f e r e n t i a l  equa t ions ,  d e s c r i b e s  t h e  h y d r a u l i c  r e l a t i o n s  wi th in  an aqui- 
f e r .  To so lve  t h e  e q u a t i o n ( s ) ,  t h e  a q u i f e r ' s  geometry,  h y d r a u l i c  cha rac t e r -  
i s t i c s ,  and i n i t i a l  and boundary c o n d i t i o n s  must be  known. Only i f  t h e  
e q u a t i o n s ,  c h a r a c t e r i s t i c s ,  and c o n d i t i o n s  a r e  s imple  can  an exac t  a n a l y t -  
i c a l  s o l u t i o n  be ob ta ined .  
U n f o r t u n a t e l y ,  t h e r e  are many groundwater f low problems f o r  which ana ly t -  
i c a l  s o l u t i o n s  are d i f f i c u l t ,  i f  n o t  imposs ib l e ,  t o  o b t a i n .  The reason i s  
t h a t  t h e s e  problems are complex, p o s s e s s i n g  non- l inea r  f e a t u r e s  t h a t  cannot  
b e  inc luded  i n  a n a l y t i c a l  s o l u t i o n s .  Such non- l inea r  f e a t u r e s  involve  
v a r i a t i o n s  i n  an a q u i f e r ' s  h y d r a u l i c  c o n d u c t i v i t y ,  boundary cond i t ions  t h a t  
change w i t h  t i m e ,  and o t h e r  long-term time-dependent e f f e c t s .  Sometimes 
a n a l y t i c a l  s o l u t i o n s  are y e t  a p p l i e d  t o  such problems by ove r s impl i fy ing  
t h e  complex hydrogeo log ica l  s i t u a t i o n .  S ince  t h e  assumptions under ly ing  t h e  
s o l u t i o n  a r e  un t rue ,  it i s  obvious t h a t  t h e  r e s u l t s  w i l l  be inaccura t e  o r  
even  t o t a l l y  e r roneous .  
Owing t o  t h e  d i f f i c u l t i e s  0.f o b t a i n i n g  a n a l y t i c a l  s o l u t i o n s  t o  complex 
groundwater f low problems, t h e r e  h a s  long  been a need f o r  techniques  t h a t  
enab le  meaningful s o l u t i o n s  t o  be found. Such t echn iques  e x i s t  nowadays i n  
t h e  form of mathemat ica l  o r  numer ica l  model l ing .  Although t h e  technique of 
2 
s o l v i n g  groundwater  f l o w  problems n u m e r i c a l l y  i s  not ,  new, i t  i s  o n l y  s i n c e  
t h e  development  o f  high-speed computers  t h a t  t h e  t e c h n i q u e  has become 
w i d e l y  used.  
Of t h e  g r e a t  v a r i e t y  of n u m e r i c a l  t e c h n i q u e s ,  a l l  o f  them h a v e  i n  common 
t h a t  an a p p r o x i m a t e  s o l u t i o n  is o b t a i n e d  by r e p l a c i n g  t h e  b a s i c  d i f f e r e n -  
t i a l  e q u a t i o n s  t h a t  d e s c r i b e  t h e  f l o w  s y s t e m  by a n o t h e r  s e t  o f  e q u a t i o n s  
t h a t  can e a s i l y  b e  s o l v e d  by a d i g i t a l  computer .  The model w e  p r e s e n t  i n  
t h i s  book i s  b a s e d  on one o f  t h e s e  t e c h n i q u e s ;  t h e  f i n i t e  d i f f e r e n c e  
method. 
The f i n i t e  d i f f e r e n c e  method o f  a p p r o x i m a t i n g  t h e  s o l u t i o n  o f  d i f f e r e n t i a l  
e q u a t i o n s  i s  f a i r l y  s i m p l e .  It  r e p l a c e s  t h e  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  
f o r  two-dimensional  f l o w  i n  an a q u i f e r  by a n  e q u i v a l e n t  s y s t e m  of  f i n i t e -  
d i f f e r e n c e  e q u a t i o n s  which are s o l v e d  by t h e  computer .  Unl ike  t h e  a n a l y t -  
i c a l  method, which g i v e s  a s o l u t i o n  t o  a c o n t i n u o u s  boundary-value problem,  
t h e  f i n i t e  d i f f e r e n c e  method p r o v i d e s  a s e t  o f  w a t e r t a b l e  e l e v a t i o n s  a t  a 
f i n i t e  number o f  p o i n t s  i n  t h e  a q u i f e r .  
1 . 2  The model 
The model w e  p r e s e n t  i n  t h i s  book c a n  b e  u s e d  t o  p r e d i c t  t h e  impact  o f  
man ' s  i n t e r f e r e n c e  i n  t h e  h y d r o l o g i c a l  e q u i l i b r i u m  o f  a groundwater  b a s i n .  
It c a n  s i m u l a t e  t h e  e f f e c t s  of  new i r r i g a t i o n  schemes ,  new p a t t e r n s  and 
ra tes  of groundwater  a b s t r a c t i o n ,  and a r t i f i c a l  r e c h a r g e  of the  b a s i n ,  and 
c a n  do so f o r  a n y  d e s i r e d  l e n g t h  of  t i m e .  
The model c a n  b e  a p p l i e d  t o  a n  u n c o n f i n e d  a q u i f e r ,  a semi-conf ined  a q u i f e r ,  
o r  a c o n f i n e d  a q u i f e r ,  o r  t o  any  c o m b i n a t i o n  of  t h e s e ,  p r o v i d e d  t h a t  one 
t y p e  p a s s e s  l a t e r a l l y  i n t o  t h e  o t h e r .  The model c a n n o t  be u s e d  f o r  m u l t i -  
a q u i f e r  s y s t e m s ,  i . e .  a q u i f e r s  o v e r l y i n g  one  a n o t h e r  and s e p a r a t e d  by 
impermeable o r  s l i g h t l y  permeable  l a y e r s .  Three-d imens iona l  f l o w  problems 
c a n n o t  be s t u d i e d  by t h e  model. 
The model a l l o w s  wide v a r i a t i o n s  i n  s u c h  a q u i f e r  p a r a m e t e r s  as h y d r a u l i c  
c o n d u c t i v i t y  and s t o r a g e  c o e f f i c i e n t  t o  b e  t a k e n  i n t o  account  and i n c l u d e d  
i n  t h e  model. Transient ( u n s t e a d y )  f l o w  problems can a l s o  b e  s t u d i e d ,  
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prov ided  t h a t  t h e  f low i s  laminar and Darcy ' s  l a w  t h u s  a p p l i e s .  Turbulen t  
f low,  as may o c c u r  i n  k a r s t i f i e d  l imes tones ,  cannot be s tud ied .  
The model i s  d e v i s e d  f o r  s a t u r a t e d  flow on ly .  This  means t h a t  t h e  p rocesses  
of i n f i l t r a t i o n ,  p e r c o l a t i o n ,  and evapora t ion ,  which occur  i n  t h e  unsa tu-  
r a t e d  zone of unconf ined  a q u i f e r s  and t h e  cove r ing  l a y e r  of semi-confined 
a q u i f e r s ,  cannot be s imula t ed .  They must be c a l c u l a t e d  by hand and t h e i r  
a l g e b r a i c  sum p r e s c r i b e d  t o  t h e  model. 
The method used by t h e  model t o  so lve  t h e  f i n i t e - d i f f e r e n c e  equa t ions  i s  
e s s e n t i a l l y  t h a t  of Gauss-Seidel,  which i s  u n c o n d i t i o n a l l y  s t a b l e .  It i s  an 
i t e r a t i v e  c a l c u l a t i o n  p r o c e s s  t h a t  i s  cont inued  as long  as i s  necessa ry  t o  
o b t a i n  w a t e r t a b l e  e l e v a t i o n s  t h a t  a r e  s u f f i c i e n t l y  a c c u r a t e .  A p a r t  from t h e  
advantage  of avo id ing  s t a b i l i t y  problems, t h i s  method r e q u i r e s  l i t t l e  
computer memory. 
A s  an  a l t e r n a t i v e  t o  t h e  i t e r a t i o n  method, w e  have inc luded  i n  t h e  model 
t h e  Gauss-Jordan e l i m i n a t i o n  method, which i s  a m o d i f i c a t i o n  of t h e  Gaussian 
e l i m i n a t i o n  method. Th i s  method r e q u i r e s  more computer memory than  t h e  
i t e r a t i o n  method, bu t  t h e  s o l u t i o n  i s  e x a c t  w i t h i n  t h e  accuracy of . the 
computer used. 
The model a l s o  c o n t a i n s  a p l o t  program, by which t h e  computer p l o t s  ou t  t h e  
c a l c u l a t e d  w a t e r t a b l e  e l e v a t i o n s  a t  t h e  v a r i o u s  p o i n t s  of t he  f low reg ion  
a t  t h e  end of a p r e s c r i b e d  t i m e .  This  a l lows  a v i s u a l  e v a l u a t i o n  of t h e  
w a t e r t a b l e  behaviour  f o r  any pe r iod  of t i m e .  
Although our model has  g r e a t  f l e x i b i l i t y ,  i t  cannot hand le  a l l  s p e c i f i c  
hydrogeo log ica l  c o n d i t i o n s  t h a t  may be encountered  i n  p r a c t i c e .  Enlarg ing  
t h e  a p p l i c a b i l i t y  of t h e  model t o  cover such c o n d i t i o n s  a s ,  f o r  example, 
mu l t i - aqu i f e r  systems o r  de l ayed  y i e l d  a q u i f e r s  would mean t h a t  t h e  u s e r  
must make c e r t a i n  ad jus tmen t s  i n  the  computer programs. H e  can on ly  do s o ,  
however, i f  he  i s  exper ienced  i n  computer programming. But,  a s  we have 
w r i t t e n  t h i s  book wi th  t h e  b a s i c  idea  t h a t  our  r e a d e r s  need have no p rev i -  
ous  expe r i ence  w i t h  computers o r  computer programming, we have omi t ted  any 
i n s t r u c t i o n s  f o r  ad jus tmen t s  of  t h i s  k ind .  We admit t h a t  t h i s  can be a 
d i sadvan tage  f o r  a more exper ienced  use r .  
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1 . 3  Scope of the 'book 
The primary aim of t h i s  book i s  t o  p rov ide  a p r a c t i c a l  gu ide  f o r  t hose  
involved  i n  groundwater b a s i n  mode l l ing ,  whether t h e i r  t r a i n i n g  be i n  
geology, hydrogeology, e n g i n e e r i n g ,  p h y s i c s ,  o r  mathematics.  It was n o t  o u r  
i n t e n t i o n  t o  reproduce text-book material from any of t h e s e  s c i e n c e s  b u t ,  
where we deemed it u s e f u l ,  we  have summarized c e r t a i n  concep t s ,  c a l c u l a t i o n  
methods, o r  even f i e l d  t echn iques ,  assuming t h a t  t h i s  would enhance t h e  
p r a c t i c a l  va lue  of t h e  book. 
Before a numer ica l  model of a groundwater bas in  can be deve loped ,  a con- 
c e p t u a l  model of t h e  b a s i n  i s  r e q u i r e d .  This  means t h a t  thorough hydro- 
geo log ica l  i n v e s t i g a t i o n s  must be conducted. I f  t h e  conceptua l  model t h a t  
emerges from t h e s e  i n v e s t i g a t i o n s  r e v e a l s  t h e  presence  of  an unconfined 
a q u i f e r ,  a conf ined  a q u i f e r ,  a semi-confined a q u i f e r ,  o r  any l a t e r a l  
combination of t h e s e ,  t h e  numer ica l  model can be developed. 
Chapter 2 d e s c r i b e s  i n  some d e t a i l  t h e  hydrogeologica l  s t u d i e s  r e q u i r e d  f o r  
t h e  conceptua l  model, and a l s o  c o n t a i n s  a l l  t h e  i tems t o  be s t u d i e d  and 
q u a n t i f i e d  f o r  t h e  numer i ca l  model. Th i s  q u a n t i f i c a t i o n  of g e o l o g i c a l  and 
hydro log ica l  d a t a  i s  u s u a l l y  done i n  t h e  form of  maps. A f t e r  r ead ing  
Chapter 2 ,  t h e  u s e r  w i l l  be a b l e  t o  answer t h e  q u e s t i o n :  what k ind  of  maps 
must be prepared?  
Chapter 3 cove r s  t h e  f e a t u r e s  and r e s t r i c t i o n s  of t h e  model, i t s  phys ic ,a l  
background, and t h e  numer ica l  methods t h a t  are used t o  so lve  t h e  f i n i t e -  
d i f f e r e n c e  e q u a t i o n s .  It a l s o  e x p l a i n s  how t o  d i v i d e  an a q u i f e r  i n t o  ' smaller u n i t s  and t h u s  deve lop  an  a p p r o p r i a t e  f i n i t e - d i f f e r e n c e  network. 
1 This  network w i l l  depend on t h e  hydrogeo log ica l  c o n d i t i o n s ,  t h e  accu racy  i 
r e q u i r e d  i n  t h e  p r e d i c t e d  w a t e r t a b l e  e l e v a t i o n s ,  and t h e  expe r i ence  of t h e  
u s e r  i n  model l ing  a q u i f e r s .  The c h a p t e r  concludes  wi th  a d e s c r i p t i o n  of  
what d a t a  must be  p repa red  and how t h i s  i s  done. 
Chapter 4 e x p l a i n s  t h e  use  of t h e  computer program, which has  been decom- 
posed i n t o  f o u r  p a r t s  so t h a t  i t  can  be run even on a sma l l  computer w i t h  
l i m i t e d  c o r e  memory. The c h a p t e r  a l s o  c o n t a i n s  t h e  s t r u c t u r e  of t h e  v a r i o u s  
d a t a  s e t s  r e q u i r e d ,  d e f i n i t i o n s  of t h e  inpu t  v a r i a b l e s  and o t h e r  symbols 
used ,  and t h e  a d a p t a t i o n s  t o  be made t o  run t h e  model on t h e  computer 
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system ava i l ab le  t o  the user .  A hypo the t i ca l  example of p a r t  of  a graben 
v a l l e y  i s  used t o  i l l u s t r a t e  t h e  process of t r a n s f e r r i n g  geological and 
hydro log ica l  da t a  from maps t o  the  f i n i t e - d i f f e r e n c e  network, from the 
network t o  t ab le s ,  and from the  t a b l e s  t o  computer cards .  In  a step-by-step 
procedure,  Chapter 5 descr ibes  t h i s  process .  
Any model must be c a l i b r a t e d  t o  ensure t h a t  t h e  p red ic t ed  water table  
e l e v a t i o n s  a r e  s u f f i c i e n t l y  accurate .  This is done by "his tory matching", 
which means t h a t  a set of computed w a t e r t a b l e s  i s  compared with a s e t  of 
a c t u a l l y  measured water tables .  Chapter 6 desc r ibes  the  c a l i b r a t i o n  process 
and exp la ins  the sources of e r r o r s  and how they can be detected and cor- 
r e c t e d .  It concludes with i n s t r u c t i o n s  on how t o  put t he  ca l ib ra t ed  model 
i n t o  operat ional  use. 
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DATA REQUIRED TO DEVELOP 
A GROUNDWATER MODEL 
2 . 1  Introduction 
The first phase of a groundwater model study consists of collecting all 
' existing geological and hydrological data on the groundwater basin in 
I 
1 watertables, precipitation, evapotranspiration, pumped abstractions, stream 
flows, soils, land use, vegetation, irrigation, aquifer characteristics and 
boundaries, and groundwater quality. If such data do not exist or are very 
scanty, a program of field work must first be undertaken, for no model 
whatsoever makes any hydrological sense if it is not based on a rational 
hydrogeological conception of the basin. A l l  the old and newly-found 
information is then used to develop a conceptual model of  the basin, with 
its various inflow and outflow components. 
A conceptual model is based on a number of assumptions that must be ver- 
ified in a later phase of the study. In an early phase, however, it should 
provide an answer to the important question: does the groundwater basin 
consist of one single aquifer (or any lateral combination of aquifers) 
bounded below by an impermeable base? I f  the answer is yes, one can then 
proceed to the next phase: developing the numerical model. This model is 
first used to synthesize the various data and then to test the assumptions 
made in the conceptual model. 
Developing and testing the numerical model requires a set of quantitative 
hydrogeological data that fall into two categories: 
question. This will include information on surface and subsurface geology, 
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d a t a  t h a t  d e f i n e  t h e  p h y s i c a l  framework of t h e  groundwater b a s i n  
d a t a  t h a t  d e s c r i b e  i t s  h y d r o l o g i c a l  s t r e s s  
These two sets of d a t a  are then  used t o  a s s e s s  a groundwater ba l ance  of t h e  
bas in .  The s e p a r a t e  i t e m s  o f  each  set a r e  l i s t e d  i n  Table 2 . 1 .  
Table 2 .1  Data r e q u i r e d  t o  deve lop  a groundwater model 
P h y s i c a l  framework Hydro log ica l  stress 
I .  Topography I .  Water tab le  e l e v a t i o n  
2 .  Geology 2 .  Type and e x t e n t  of  recharge  a r e a s  
3 .  Types of a q u i f e r s  3.  Rate of  recharge  
4 .  Aquifer  t h i c k n e s s  and 4 .  Type and e x t e n t  of d i scha rge  a r e a s  
l a te ra l  e x t e n t  
5. Aqui fer  boundar ies  
6 .  L i t h o l o g i c a l  v a r i a t i o n s  , 
w i t h i n  t h e  a q u i f e r  
7 .  Aqui fer  c h a r a c t e r i s t i c s  
5 .  Rate of  d i scha rge  
Groundwater ba lance  
, I t  i s  common p r a c t i c e  t o  p r e s e n t  t h e  r e s u l t s  of hydrogeologica l  i n v e s t i g a -  
t i o n s  i n  t h e  form of maps, g e o l o g i c a l  s e c t i o n s ,  and t a b l e s  - a procedure 
t h a t  i s  a l s o  fo l lowed when developing  t h e  numer ica l  model. The on ly  d i f f e r -  
ence i s  t h a t  f o r  t h e  model a s p e c i f i c  set of maps must be prepared .  
These are: 
con tour  maps of  t h e  a q u i f e r ' s  upper and lower boundar ies  
maps of t h e  a q u i f e r  c h a r a c t e r i s t i c s  
maps of t h e  a q u i f e r ' s  n e t  r echa rge  
watert ab le-con t o u r  maps 
Some of  t h e s e  maps cannot  b e  prepared  wi thout  f i r s t  making a number of 
a u x i l i a r y  maps. A map of  t h e  n e t  r echa rge ,  f o r  i n s t a n c e ,  can only  be made 
a f t e r  t opograph ica l ,  g e o l o g i c a l ,  s o i l ,  land use ,  c ropping  p a t t e r n ,  r a i n f a l l ,  
and e v a p o r a t i o n  maps have been made. In t h i s  c h a p t e r  i t  w i l l  be expla ined  
what d a t a  should  be c o l l e c t e d ,  what t echn iques  can  be app l i ed  t o  c o l l e c t  
t h e  d a t a ,  and how t h e s e  d a t a  should be  processed  and presented  i n  t h e  
r e q u i r e d  form o f  maps. 
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2.2 Physical framework 
2.2.1 Topography 
An a c c u r a t e  topograph ica l  map of t h e  groundwater b a s i n  t o  be  modelled i s  a 
b a s i c  requi rement .  Tne scale of t h e  map depends on t h e  s i z e  o f  t h e  b a s i n  
and t h e  aim of t h e  s tudy .  I f  t h e  a i m  i s  t o  make a r econna i s sance  s t u d y  of a 
l a r g e  b a s i n ,  a s c a l e  of 1:500,000, 1:250,000, o r  1:100,000 w i l l  s u f f i c e .  I f  
t h e  b a s i n  i s  s m a l l  o r  i f  a more d e t a i l e d  s tudy  of  a l o c a l  problem i s  t o  be 
made, t h e  s c a l e  should be 1:50,000, 1:25,000, , o r  even 1:10,000. 
Whatever t h e  s i z e  of t h e  b a s i n  o r  t h e  purpose of t h e  s tudy ,  t h e  topograph- 
i c a l  map should show a l l  s u r f a c e  w a t e r  bod ie s ,  s t r eams ,  and o t h e r  n a t u r a l  
o r  man-made water cour ses .  It  shou ld  a l s o  show con tour  l i n e s  of  t he  l and  
s u r f a c e  e l e v a t i o n .  
An inven to ry  should be made of  a l l  t h e  w e l l s  i n  t h e  a r e a :  pumped w e l l s  t h a t  
withdraw s u b s t a n t i a l  q u a n t i t i e s  of  groundwater,  o b s e r v a t i o n  w e l l s  t h a t  a r e  
used f o r  measuring w a t e r t a b l e s ,  and w e l l s  o r  bo res  t h a t  were made f o r  
e x p l o r a t i o n  of t h e  subsu r face  geology. The l o c a t i o n  of  t h e  w e l l s  and bo res  
should  be i n d i c a t e d  on t h e  topograph ica l  map. To d i s t i n g u i s h  t h e  d i f f e r e n t  
t ypes  o f  w e l l s ,  they  should  be g iven  d i f f e r e n t  s i g n s  and t h e y  should be 
numbered. To number t h e  w e l l s  and bo re  h o l e s ,  some s o r t  of square  g r i d  can  
be  imposed on t h e  map. The s q u a r e s  thus  formed a r e  g iven  a c o n s e c u t i v e  
number i n  h o r i z o n t a l  d i r e c t i o n  and a consecu t ive  l e t t e r  i n  v e r t i c a l  d i r e c -  
t i o n .  The w e l l s  i n  a p a r t i c u l a r  squa re  a r e  numbered c o n s e c u t i v e l y .  Well 
1-B-3, f o r  example, means Well No. 3 i n  Square I -B (F ig .  2 . 1 ) .  
The water  l e v e l  i n  o b s e r v a t i o n  w e l l s  i s  u s u a l l y  measured from a c e r t a i n  
r e f e r e n c e  p o i n t ,  which can  be t h e  r i m  of t he  p ipe  o r ,  i f  t h e  w e l l s  a r e  
hand-dug, any mark o r  p o i n t  f i x e d  i n  t h e  w a l l  o f  t h e  w e l l .  The measured 
water  l e v e l s  must be conve r t ed  i n t o  water  l e v e l s  above (or  below) a datum 
p l a n e ,  e . g .  mean s e a  l e v e l .  To do s o ,  a l e v e l l i n g  survey  of t h e  w e l l s  must 
be made. This  r e q u i r e s  a proper  sys tem of bench marks. The l e v e l l i n g  survey  
should  be  performed i n  c l o s e d  c i r c u i t s  t o  ensu re  t h a t  t h e  measured w e l l  
e l e v a t i o n s  a r e  c o r r e c t .  I n  l a r g e  b a s i n s ,  one can use  an  e r r o r  t o l e r a n c e  of 
20 fi mm, where D i s  t h e  d i s t a n c e  t r a v e r s e d  wh i l e  l e v e l l i n g ,  i n  k i l o m e t r e s ;  
i n  areas wi th  a f l a t  w a t e r t a b l e ,  g r e a t e r  p r e c i s i o n  may be r e q u i r e d .  
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The topographical  map should show t h e  l o c a t i o n  of t h e  bench marks with 
t h e i r  e l e v a t i o n s .  
1 2 3 
A '  1 O' 
0 2  
01 
61 
O hond-dug well 
O wotertable observation well 
4 pumped deep well 
6 a r tes ian  well 
n deep exploration wel l  
A bench mark 
---c losed levell ing c i rcui t  
Fig.  2 . 1  Example of square g r id  f o r  numbering we l l s  and bore holes  
2 . 2 . 2  Geology 
I n t e n s i v e  geomorphological and geo log ica l  s t u d i e s  of t he  groundwater bas in  
w i l l  be r equ i r ed  t o  d e l i n e a t e  i t s  geomorphological f e a t u r e s  o r  land forms 
and t o  eva lua te  the  manner and degree i n  which they con t r ibu te  t o  t h e  
b a s i n ' s  hydrology. Of , spec ia l  importance are the  areas open t o  deep perco- 
l a t i o n ,  t he  subsurface a reas  where inf low o r  outflow t o  o r  from t h e  a q u i f e r  
occurs ,  t h e  type of material forming the  a q u i f e r  system, including i t s  
permeable and less permeable conf in ing  fo rma t ions ,  t h e  l o c a t i o n  and na tu re  
o f  t h e  a q u i f e r ' s  impermeable base ,  t h e  h y d r a u l i c  c h a r a c t e r i s t i c s  of t he  
a q u i f e r ,  and the  l o c a t i o n  of any s t r u c t u r e s  a f f e c t i n g  groundwater movement. 
Geomorpho Zogy 
Land forms a r e  t h e  most common f e a t u r e s  encountered'  by anyone engaged i n  
groundwater i n v e s t i g a t i o n s .  P rope r ly  i n t e r p r e t e d ,  l and  forms throw l i g h t  
upon a groundwater b a s i n ' s  geo log ica l  h i s t o r y ,  l i t h o l o g y ,  and hydrology. 
For a proper unders tanding  of a b a s i n ' s  geo log ica l  h i s t o r y  and l i t h o l o g i c a l  
v a r i a t i o n s ,  one must cons ide r  t h e  fo l lowing  f a c t o r s :  
t h e  n a t u r e  of t he  source  rock 
t h e  topographica l  expres s ion  and r e l i e f  of t h e  sou rce  a r e a  
t h e  t e c t o n i c  e lements  i n  t h e  source  and d e p o s i t i o n a l  areas 
t h e  i n t e n s i t y  of tec tonism i n  each of t h e s e  areas 
t h e  t r a n s p o r t i n g  agen t s  t h a t  c a r r y  t h e  d e t r i t u s  t o  t h e  s i t e s  of 
depos i t i on  
t h e  d e p o s i t i o n a l  environment 
t h e  climate 
I f  t h e  source  area i s  a s t r o n g l y  d i s s e c t e d  mountain range  c h i e f l y  made of 
weathered g r a n i t e ,  t he  sediment i n  t h e  b a s i n  w i l l  be  d i f f e r e n t  from the  
sediment t h a t  would be found i f  t h e  sou rce  a r e a  i s  a mountainous a r e a  
predominantly made of s h a l e ,  mudstones, and e a s i l y  e rodab le  marl .  S imi l a r -  
l y ,  i f  water i s  the  t r a n s p o r t i n g  agent ,  a d i f f e r e n t  k ind  o f  sediment w i l l  
be  produced than  i f  wind i s  t h e  t r a n s p o r t i n g  agen t .  
Tectonism may s t r o n g l y  a f f e c t  t h e  n a t u r e  of a groundwater b a s i n .  The source  
area may be u p l i f t e d  whi le  the  d e p o s i t i o n a l  a r e a  i s  downwarped. The th i ck -  
n e s s  of t he  bas in  f i l l  may then be ve ry  g r e a t ,  r ang ing  from s e v e r a l  hundred 
me t re s  t o  two o r  t h r e e  thousand metres.  Downwarping i s  o f t e n  accompanied by 
f a u l t i n g ;  t h i s  no t  only o f f s e t s  t h e  sediment beds i n  t h e  b a s i n  but a l s o  
causes  abrupt  changes i n  the  th i ckness  of t h e  b a s i n  f i l l .  
The p a s t  and p resen t  environment i n  a d e p o s i t i o n a l  area l a r g e l y  de te rmines  
t h e  l i t h o l o g i c a l  v a r i a t i o n s  of i t s  f i l l .  Within a b a s i n ,  s e v e r a l  depos i -  
t i o n a l  envi ronments  can u s u a l l y  be recognized ,  each of  which has  g iven  r ise  
t o  the  fo rma t ion  of a s p e c i f i c  sediment t y p e .  
Groundwater b a s i n s ,  which are u s a l l y  de f ined  a s  "hydrogeological u n i t s  
c o n t a i n i n g  one l a r g e  a q u i f e r  o r  s e v e r a l  connected and i n t e r r e l a t e d  aqui -  
f e r s "  (Todd 1980),  may be c l a s s i f i e d  on t h e  b a s i s  of t h e i r  main d e p o s i t i o n a l  
envi ronment .  Bas ins  may t h u s  be f l u v i a l ,  l a c u s t r i n e ,  g l a c i a l ,  v o l c a n i c ,  o r  
a e o l i a n .  Some b a s i n s  do indeed c o n t a i n  one l a r g e  a q u i f e r  formed i n  a s i n g l e  
d e p o s i t i o n a l  environment.  O the r s ,  e s p e c i a l l y  t h e  deep ly  downwarped ones ,  
show s e v e r a l  a q u i f e r s  formed i n  d i f f e r e n t  envi ronments ,  s t a r t i n g  f o r  
example w i t h  a marine environment,  followed by a f l u v i a l ,  and t e r m i n a t i n g  
w i t h  a g l a c i a l  and/or  a e o l i a n  environment.  
Most groundwater b a s i n s  f o r  which a model i s  t o  be developed w i l l  have been 
geomorphologica l ly  and g e o l o g i c a l l y  exp lo red ,  a t  l e a s t  t o  some e x t e n t .  I f  
n o t ,  a s t u d y  of  t h e  source  a r e a ,  o r  an  examinat ion  of a g e o l o g i c a l  map of 
t h e  sou rce  a r e a ,  i f  a v a i l a b l e ,  w i l l  be needed t o  ga in  an i n s i g h t  i n t o  t h e  
k i n d  of d e t r i t u s  supp l i ed  t o  t h e  b a s i n .  
Most groundwater b a s i n s ,  even t h e  ve ry  f l a t  ones ,  show minor r e l i e f  f e a t -  
u r e s ,  o r i g i n a t i n g  from c o n s t r u c t i v e  and d e s t r u c t i v e  f o r c e s  a c t i n g  on them. 
Each t y p e  of b a s i n  i s  c h a r a c t e r i z e d  by s p e c i f i c  t opograph ica l  and morpho- 
l o g i c a l  f e a t u r e s .  Typ ica l  f e a t u r e s  of a r i v e r  v a l l e y  b a s i n ,  f o r  example, 
are a d j a c e n t  mounta ins ,  r i v e r  t e r r a c e s ,  and f lood  p l a i n .  Common f e a t u r e s  of 
t h e  f lood  p l a i n  are: n a t u r a l  l e v e e s ,  po in t  b a r s ,  back swamps, p a r t l y  o r  
wholly s i l t e d - u p  former stream channe l s ,  and oxbow l a k e s  (Fig.  2 . 2 ) .  For 
t h e  morphologica l  f e a t u r e s  of o t h e r  t ypes  of  b a s i n s ,  we  r e f e r  t h e  r e a d e r  t o  
Thornbury 1969, Davis and de  Wiest 1966, and Reading 1978. 
For  a p r o p e r  unde r s t and ing  of t h e  b a s i n ' s  hydro logy ,  one must be a b l e  t o  
r e c o g n i z e  t h e s e  morphologica l  f e a t u r e s .  Genera l ly  they  can be grouped i n t o  
topograph ica l  h igh lands  and topograph ica l  lowlands.  The h igh lands  a r e  
u s u a l l y  t h e  r echa rge  a r e a s ,  c h a r a c t e r i z e d  by a downward flow of water; t h e  
lowlands are t h e  d i s c h a r g e  a r e a s ,  c h a r a c t e r i z e d  by an upward f low of water. 
In  F igu re  2 . 2 ,  f o r  example, t h e  r echa rge  a r e a s  a r e  t h e  p r e s e n t  and former 
n a t u r a l  levees, p o i n t  b a r s ,  and r i v e r  t e r r a c e s ;  t h e  d i s c h a r g e  areas are t h e  
backswamps and t h e  former ,  p a r t l y  s i l t e d - u p  s t ream channels .  
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F i g .  2 . 2  Morphological f e a t u r e s  and sed iments  t y p i c a l  of broad r i v e r  
v a l l e y  bas ins  
, Since  t h e  groundwater model r e q u i r e s  q u a n t i t a t i v e  d a t a  of t h e  ra te  of f l o w  
i n  t h e s e  a r e a s ,  t he  topograph ica l  h igh lands  and lowlands should be  d e l i n -  
e a t e d  and i n d i c a t e d  on a map, t o g e t h e r  w i t h  t h e  n a t u r a l  d ra inage  system. 
These topograph ica l  f e a t u r e s  can  be d e t e c t e d  from topograph ica l  maps w i t h  
con tour  l i n e s  of t h e  land s u r f a c e  a t  s m a l l  i n t e r v a l s  and from a e r i a l  
photographs.  F i e l d  work i s  needed t o  de te rmine  t h e  type  of  rock o r  sediment 
i n  t h e s e  a r e a s .  
I 
Subsurface geoZogy 
I n  any groundwater s tudy ,  t h e  g e o l o g i c a l  h i s t o r y  of t h e  b a s i n  must be 
known, as t h e  r e s u l t i n g  g e o l o g i c a l  s t r u c t u r e  l a r g e l y  c o n t r o l s  t h e  occur- 
r ence  and movement of groundwater. The number and type  of water -bear ing  
format ions ,  t h e i r  d e p t h ,  i n t e r c o n n e c t i o n s ,  h y d r a u l i c  p r o p e r t i e s ,  and 
ou tc rop  p a t t e r n s  a r e  a l l  t h e  r e s u l t  of t h e  b a s i n ' s  g e o l o g i c a l  h i s t o r y .  
A s t u d y  of t h e  subsu r face  geology i s  r e q u i r e d  t o  f i n d  ou t  t h e  type  of m a t -  
e r i a l s  t h a t  make up t h e  groundwater b a s i n ,  t h e i r  d e p o s i t i o n a l  environment 
and age ,  and t h e i r  s t r u c t u r a l  de fo rma t ion ,  i f  any. The d e p o s i t i o n a l  env i ron -  
ment, being t h e  complex of  p h y s i c a l ,  chemica l ,  and b i o l o g i c a l  c o n d i t i o n s  
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under which a sediment accumulates, largely determines the properties of 
sediments. Each environment tends to develop its own sediments. In many 
groundwater basins, especially the deep ones, one finds systematic transi- 
tions from one environment to another. A complicating factor is that 
considerable variations can occur within a single environment; for example, 
grain size in fluvial or glacial environments can vary widely. Conversely, 
two different environments can produce the same kind of sediment. 
To unravel the sedimentary environment of a groundwater basin, one begins 
by examining well-driller's logs and bore samples. Characteristics that 
shed light on the environment in which the sediments accumulated are the 
texture, size and shape of the mineral particles, their degree of sorting, 
colour, organic-matter content, lime content, clay and gravel content, 
microfossils, and mineral composition. 
Originally, in accumulation areas, the sediments were deposited in nearly 
horizontal layers. In large, deep groundwater basins the sediments have ac- 
cumulated over a long span of time. During this period, clear breaks in the 
sedimentation may have occurred, erosion may have taken place, and tectonic 
events may have caused structural deformation of the original horizontal 
layers (Fig. 2 . 3 ) .  
Driller's logs can reveal key beds, also called marker beds, which possess 
a recognizable lithology or fossil content that differs from the beds above 
and below them. Typical key beds are a thin limestone bed, a coal or 
lignite bed, a pebble zone, an insoluble zone, and a horizon with a typical 
faunal assemblage. If such beds occur, they can often be traced from one 
well to another and are thus most useful for stratigraphic correlation. 
Geophysical methods may be useful in exploring the subsurface geology, but 
the methods are often inexact and their results difficult to interpret. 
They should therefore only be regarded as 'supplementary to an exploratory 
drilling program. 
Stratigraphic correlation requires that a number of cross-sections be drawn 
in different directions over the basin. These cross-sections show both the 
vertical and horizontal relationships between the various sediment bodies 
as well as the stratigraphic boundaries that either prevent or allow 
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Fig .  2 . 3  Eros ion ,  f o l d i n g ,  and f a u l t i n g  phenomena. 
a: Er ra t ic  t h i n n i n g  of Bed 3 i n d i c a t e s  e r o s i o n .  
b :  Bed 1 has  a c o n s t a n t  t h i c k n e s s  and w a s  f o l d e d  d u r i n g  o r  b e f o r e  d e p o s i t i o n  
of Bed 2 .  
c :  Bed 2 was d e p o s i t e d  a f t e r  e r o s i o n  of Bed 1. 
d:  Bed 2 was d e p o s i t e d  a f t e r  and d u r i n g  f a u l t i n g  of Bed 1 .  
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bedrock and all or part of the sedimentary basin fill underwent any struc- 
tural deformation such as downwarping, uplifting, folding, or faulting and 
whether accumulation was continuous or alternated by erosion (Fig. 2 . 3 ) .  
Fig. 2 . 4  Hypothetical cross-section through a river valley showing the 
vertical and horizontal relationships between sediments. In the middle of 
the valley, the lower body of clay forms the impermeable base; toward the 
valley walls bedrock forms the impermeable base 
2 . 2 . 3  Types of aquifers 
The geological information provided by the geologist has no meaning if it 
is not related to the occurrence and movement of the groundwater. This 
means that the geological knowledge must be translated into terms of water- 
bearing formations (aquifers), non-water-bearing or cosfining layers 
(impermeable layers), and slightly confining or semipermeable layers 
(layers with a low, but not zero hydraulic conductivity). This will often 
require a certain schematization of the subsurface geology. Consecutive 
geological formations, different in age or origin but similar in water- 
transmitting properties, should be grouped into a single aquifer system. 
Consecutive layers of sandy clay, silty clay, clay, compacted peat, silty 
clay loam, etc., although different in age and depositional environment, 
should also be grouped into a single layer of hydraulic resistance to the 
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f low of groundwater. S i m i l a r l y ,  consecu t ive  impermeable l a y e r s  and hard  
rock ,  d i f f e r e n t  i n  age  and o r i g i n ,  should be t aken  t o g e t h e r  as one u n i t  
t h a t  o b s t r u c t s  t h e  passage  of water. The impermeable b a s e  i n  F igu re  2 . 4 ,  
f o r  example, c o n s i s t s  p a r t l y  of bedrock and p a r t l y  of t h i c k  c l a y .  
An a q u i f e r  can  t h e r e f o r e  be d e f i n e d  as a fo rma t ion ,  group of fo rma t ions ,  o r  
p a r t  of a format ion  t h a t  c o n t a i n s  s u f f i c i e n t  s a t u r a t e d  permeable material 
t o  y i e l d  s i g n i f i c a n t  q u a n t i t i e s  of  water  t o  a w e l l  o r  s p r i n g .  The most 
common and most p roduc t ive  a q u i f e r s  are unconso i d a t e d  sand and g r a v e l .  
Sandstone i s  a cemented form of sand bu t  can be  a p roduc t ive  a q u i f e r  i f  i t  
i s  j o i n t e d .  Other p roduc t ive  a q u i f e r s  a r e  k a r s t  f i e d  l i m e s t o n e s  t h a t  
c o n t a i n  l a r g e  s o l u t i o n  caverns  and channe l s ;  as t h e  f low i n  such a q u i f e r s  
i s  u s u a l l y  t u r b u l e n t ,  however, ou r  model i s  n o t  a p p l i c a b l e  t o  them. It can  
on ly  be app l i ed  t o  a q u i f e r s  i n  which t h e  flow i s  laminar  and i n  which 
Darcy ' s  law thus  a p p l i e s .  The types  of a q u i f e r  t h a t  can  be model led ,  
p rovided  t h a t  t h e  f low i n  them i s  laminar ,  are t h e  fo l lowing :  
unconfined ( o r  w a t e r t a b l e )  a q u i f e r  
conf ined  ( o r  a r t e s i a n )  a q u i f e r  
semi-confined ( o r  leaky)  a q u i f e r  
F igu re  2 . 5  shows t h e s e  a q u i f e r  t ypes  wi th  t h e i r  w a t e r t a b l e  p o s i t i o n s  and 
t h e  symbols deno t ing  t h e i r  h y d r a u l i c  c h a r a c t e r i s t i c s .  I n  n a t u r e ,  one can  
f i n d  d i f f e r e n t  combinations of  a q u i f e r s ,  e .g .  a n  unconfined a q u i f e r  (Type 
A) o v e r l y i n g  a conf ined  a q u i f e r  (Type B) o r  a semi-confined a q u i f e r  (Type 
C ) .  When s e v e r a l  a q u i f e r s  occur ,  s epa ra t ed  by impermeable o r  s l i g h t l y  
permeable l a y e r s ,  w e  speak of a mul t i - aqu i f e r  system. Our model i s  pro- 
grammed f o r  on ly  one s i n g l e  a q u i f e r ,  i . e .  Type A ,  B ,  o r  C ,  o r  any la te ra l  
t r a n s i t i o n  from one type  t o  ano the r .  
2 . 2 . 4  Aquifer  t h i c k n e s s  and l a t e r a l  e x t e n t  
For a v a r i e t y  of r e a s o n s ,  t h e  la teral  e x t e n t  and t h e  t h i c k n e s s  and d e p t h  of 
an a q u i f e r  may va ry  from one p l a c e  t o  another .  I n  some b a s i n s ,  as i n  t h o s e  
of a l a c u s t r i n e  environment,  sandy a q u i f e r s  formed where r i v e r s  e n t e r e d  t h e  
l a k e  w i l l  show a d i s t a l  f i n i n g  of sediment away from t h e  r i v e r  mouth i n  a 
way s i m i l a r  t o  t h a t  i n  some marine d e l t a s  (F ig .  2 . 6 ) .  I n  f l u v i a l  b a s i n s  t h e  
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reverse may be found: thick sandy aquifers may thin toward the rim of 
the basin. Some basins show structural deformation due to downwarping and 
faulting. 
Fig. 2.5 Different aquifer types. 




F i g .  2 . 6  L i t h o l o g i c  s e c t i o n  through a former l a k e .  D e l t a i c  sand and g r a v e l  
a t  t h e  r i m  of t h e  b a s i n ;  l a k e  c l a y  and marl  i n  t h e  c e n t r e .  Bore h o l e s  I ,  2 ,  
I O ,  and 1 1  c o n t a i n  100 p e r  cen t  sand; bo re  h o l e  6 c o n t a i n s  100 p e r  c e n t  
c l a y ;  t h e  o t h e r  bore h o l e s  have d i f f e r i n g  pe rcen tages  of sand and c l a y  
The l a t e r a l  e x t e n t  of t h e  a q u i f e r ,  as found from w e l l  and bo re  l o g s ,  and 
geophys ica l  d a t a  should be  i n d i c a t e d  on a map. From t h e  same d a t a  s o u r c e s ,  
a n  i sopach  ( t h i c k n e s s )  map of t h e  a q u i f e r  can  be made. An i sopach  map 
r e q u i r e s  two hor i zons ,  one a t  t h e  t o p  of t h e  a q u i f e r  and one a t  t h e  bottom. 
I f  t h e  a q u i f e r  i s  unconf ined ,  t h e  two hor i zons  a r e  t h e  impermeable base  and 
t h e  l and  s u r f a c e .  The n e t  t h i ckness  of  t h e  a q u i f e r  can  be c a l c u l a t e d  from 
t h e  e l e v a t i o n s  of t h e  two hor i zons ;  l o c a l  c l a y  l e n s e s  w i t h i n  t h e  a q u i f e r ,  
i f  any, are s u b t r a c t e d  from t h e  t o t a l  t h i c k n e s s .  The r e s u l t s  a t  each  
c o n t r p l  p o i n t  a r e  p l o t t e d  on a map and l i n e s  of e q u a l  t h i c k n e s s  a r e  drawn 
(F ig .  2 . 7 ) .  
Bes ides  an i sopach  map of t h e  a q u i f e r ,  t h e  numer ica l  model r e q u i r e s  a 
s t r u c t u r a l  map of t h e  a q u i f e r ' s  impermeable base .  Such a map shows t h e  
c o n f i g u r a t i o n  and e l e v a t i o n  of  t h e  s u r f a c e  of t h a t  base .  To c o n s t r u c t  i t ,  
one uses  t h e  l o g s  of a l l  w e l l s  and bo re  h o l e s  t h a t  s t r u c k  t h e  impermeable 
b a s e .  I f  t h e  e l e v a t i o n  of t h e  land s u r f a c e  a t  t h e s e  w e l l s  and b o r e  h o l e s  i s  




basin aquifer. The lower figure shows a cross-section of the valley 
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Fig. 2.8 Structural map of the impermeable base of an aquifer. A vertical 
dip-slip fault crosses the basin. PR = stratigraphic throw: 1100-900 = 200 m 
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i t  ca'n be e s t ima ted  by i n t e r p o l a t i o n  from a topograph ica l  map wi th  contour  
l i n e s  of t h e  land  su r face .  For  each  c o n t r o l  p o i n t ,  t h e  depth  t o  t h e  i m p e r m -  
e a b l e  base  i n d i c a t e d  i n  t h e  w e l l  o r  bo re  h o l e  l o g  i s  s u b t r a c t e d  from t h e  
s u r f a c e  e l e v a t i o n .  The e l e v a t i o n  a t  each  c o n t r o l  p o i n t  thus  found i s  
p l o t t e d  on a map and con tour  l i n e s  are drawn (Fig.  2 . 8 ) .  For f u r t h e r  
d e t a i l s ,  see Chap. 2 Sect. 2 . 5  and Chap. 3 Sec t .  5 .3 .  
2 . 2 . 5  Aqui fer  boundar i e s  
The c o n d i t i o n s  a t  t h e  boundar i e s  of t h e  a q u i f e r  must be  p rope r ly  de f ined .  
D i f f e r e n t  t ypes  of  boundar ies  e x i s t ,  which may o r  may n o t  be a func t ion  o f  
t i m e .  They a r e :  
zero-flow boundar ies  
head-cont ro l led  boundar i e s  
f low-cont ro l led  boundar ies  
To t h i s  can  be added t h e  f r e e - s u r f a c e  boundary, bu t  as t h i s  i s  t h e  boundary 
t o  be determined by t h e  model,  i t  w i l l  n o t  be d i s c u s s e d  he re .  
Zero-flow boundary 
A zero-flow boundary i s  a boundary through which no f low occur s .  Examples 
o f  zero-flow boundar ies  are t h i c k  t i g h t  compacted c l a y  l a y e r s ,  unweathered 
mass ive  rock ,  a f a u l t  t h a t  i s o l a t e s  t h e  a q u i f e r  from o t h e r  permeable 
s t r a t a ,  o r  a groundwater d i v i d e .  I n  p r a c t i c e ,  zero-flow boundar ies  can be 
d e f i n e d  as those  p l aces  where flows are i n s i g n i f i c a n t  compared wi th  t h e  
f l o w s  i n  t h e  main a q u i f e r s .  
Zero-flow boundar ies  can b e  d i f f e r e n t i a t e d  i n t o  i n t e r n a l  and e x t e r n a l  
boundar i e s .  A l o c a l  ou tc rop  of massive rock  i n s i d e  an  a l l u v i a l  b a s i n  and a n  
a q u i f e r ' s  impermeable base  are i n t e r n a l  zero-flow boundar i e s .  Impermeable 
mater ia ls  o c c u r r i n g  a long  t h e  o u t e r  l i m i t s  of an a q u i f e r  a r e  c a l l e d  e x t e r n -  
a l  zero-f low boundaries.  
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Many groundwater b a s i n s  a r e  e r o s i o n  v a l l e y s ,  ( p a r t l y )  f i l l e d  w i t h  sed iments  
(F igs .  2 . 4  and 2 . 7 ) ;  o t h e r s  a r e  bowl-shaped s t r u c t u r a l  b a s i n s  formed by  
downwarping (F ig .  2.3b) o r  grabens  formed by f a u l t i n g  (F ig .  2 . 9 ) .  
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~ Fig .  2.9 Tec ton ic  graben v a l l e y .  The f a u l t  p l anes  a r e  e x t e r n a l  g e o l o g i c  
boundar ies  th rough which no la teral  f low of groundwater occur s .  The s l i g h t -  
l y  d ipp ing  s u r f a c e  of t h e  downfaulted bedrock unde r ly ing  t h e  body of 
g r a v e l ,  sand, and c l a y  i s  an impermeable i n t e r n a l  geo log ic  boundary 
1 A s  Figure  2 . 9  shows, t h e  sand and g r a v e l  a q u i f e r  t e rmina te s  a b r u p t l y  
a g a i n s t  t h e  impermeable f a c e  of t h e  r a i s e d  b locks .  Such a rock w a l l  p r e -  
ven t s  any h o r i z o n t a l  f low t o  o r  from t h e  a q u i f e r  and t h u s  r e p r e s e n t s  a n  
e x t e r n a l  zero-flow boundary. 
It should be no ted  t h a t  t h i s  i s  on ly  t r u e  f o r  massive unweathered rock .  
When weathered o r  h e a v i l y  f r a c t u r e d ,  t h e  rock  may t r a n s m i t  a p p r e c i a b l e  
q u a n t i t i e s  of groundwater. In  many i n s t a n c e s ,  t h e  upper 10 t o  30 m o f  
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g r a n i t i c  bedrock unde r ly ing  a l l u v i a l  sediments i s  weathered ,  and thus  a c t s  
a s  an a q u i f e r .  Major f a u l t s ,  a s  shown i n  F igure  2 . 9 ,  a r e  o f t e n  t h e  s i t e  o f  
s p r i n g s  t h a t  y i e l d  warm, h i g h l y  mine ra l i zed  groundwater from g r e a t  dep ths .  
Although such a f a u l t  does  no t  a l low t h e  h o r i z o n t a l  passage  of groundwater ,  
i t  does  a l low t h e  v e r t i c a l  passage .  A t  p l aces  where such deep s i t e d  s p r i n g s  
occur ,  t h e  f a u l t  must ( l o c a l l y )  b e  t r e a t e d  a s  a f low-con t ro l l ed  boundary 
(see below). 
The model of t h e  b a s i n  r e q u i r e s  t h a t  e x t e r n a l  zero-flow boundar ies  be 
d e l i n e a t e d  and i n d i c a t e d  on a map. It a l s o  r e q u i r e s  t h a t  t h e  c o n f i g u r a t i o n  
and a b s o l u t e  e l e v a t i o n  of t h e  impermeable b a s e ,  which i s  an i n t e r n a l  zero-  
f low boundary, be de te rmined .  Th i s  i s  no t  always an e a s y  t a s k .  I n  some 
groundwater b a s i n s  t h e  impermeable base  l i e s  a t  r e l a t i v e l y  sha l low depth  
and i t s  s u r f a c e  i s  f l a t ,  n e a r l y  h o r i z o n t a l ,  o r  s l i g h t l y  d ipp ing .  I n  o t h e r  
b a s i n s ,  however, i t  occur s  a t  such  g r e a t  dep ths  t h a t  i t  i s  no t  reached by 
o r d i n a r y  bore  h o l e s ,  and i t s  s u r f a c e  may be uneven because  of e r o s i o n  o r  
s t r u c t u r a l  deformat ion .  In some p a r t s  of t h e  b a s i n  t h e  impermeable base may 
c o n s i s t  of massive rock ,  whereas i n  o t h e r s  i t  i s  a t h i c k  t i g h t  c l a y  l a y e r  
of much younger g e o l o g i c a l  age. Major s t r u c t u r a l  b a s i n s  a r e  ve ry  deep, s a y  
2000 t o  3000 m, and are f i l l e d  wi th  a l t e r n a t i n g  l a y e r s  of sand and c l a y .  
The q u e s t i o n  then  arises:  What and where i s  t h e  impermeable b a s e ?  In some 
i n s t a n c e s . t h e  lower s e c t i o n  of t h e  b a s i n - f i l l  i s  predominant ly  c l a y  which 
i s  so compacted by t h e  t h i c k  overburden t h a t  i t  can be  regarded  as the  
impermeable base.  I n  o t h e r  i n s t a n c e s  one must r e s o r t  t o  a f i c t i t i o u s  dep th  
f o r  t h e  impermeable base .  A s  a f i r s t  approximation one can t a k e  one- four th  
t o  one-e ighth  of  t h e  average  d i s t a n c e  between t h e  major  streams d r a i n i n g  
t h e  b a s i n  and n e g l e c t  t h e  flow below t h i s  dep th .  I f  such s t reams do no t  
o c c u r ,  one can e s t i m a t e  t h e  t h i c k n e s s  of t h e  a q u i f e r  by us ing  Hantush's 
method of ana lyz ing  a q u i f e r - t e s t  d a t a  ob ta ined  from p a r t i a l l y  p e n e t r a t i n g  
w e l l s  ( s ee  Kruseman and de  Ridder 1970) .  
F i n a l l y ,  a groundwater d i v i d e ,  by d e f i n i t i o n ,  i s  a zero-flow boundary a s  n o  
f low occur s  a c r o s s  t h e  s t r e a m l i n e  running  over  t h e  t o p  of t h e  d i v i d e .  
I n  mathemat ica l  terms, t h e  c o n d i t i o n  a t  a zero-flow boundary i s  a h / h  = O ,  
where h i s  t h e  groundwater p o t e n t i a l  and n i s  t h e  d i r e c t i o n  normal t o  t h e  
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boundary. I n  t h e  groundwater model, z e r o  flow i s  s imula ted  by s e t t i n g  t h e  
hydrau l i c  c o n d u c t i v i t y  a t  t h e  boundary equa l  t o  ze ro  (K = O ) .  
Head-controZZed boundary 
A head-controlled boundary i s  a boundary with a known p o t e n t i a l  o r  hydrau- 
l i c  head, which may o r  may n o t  be a f u n c t i o n  of t i m e .  Examples are l a r g e  
water bodies l i k e  l a k e s  and oceans  whose water l e v e l s  a r e  no t  a f f e c t e d  by 
even t s  w i th in  t h e  groundwater b a s i n .  Other examples a r e  water  c o u r s e s  and 
i r r i g a t i o n  c a n a l s  wi th  f i x e d  water  l e v e l s .  I f  t h e s e  water l e v e l s  indeed 
remain unchanged wi th  t i m e ,  a s t eady  s ta te  of flow w i l l  e x i s t .  
For most p r a c t i c a l  purposes ,  t h e  water l e v e l s  of l a k e s  and some seas, e .g .  
t he  Mediterranean, can be regarded  a s  c o n s t a n t ,  bu t  those  of o t h e r  water 
bodies  and water cour ses  may change apprec iab ly  wi th  t i m e  (F ig .  2 . 1 0 ) .  
Examples a r e  streams t h a t  c a r r y  heavy f loodwaters  i n  t h e  r a i n y  season  and 
f a l l  (almost) d r y  i n  t h e  d r y  season ,  and e s t u a r i e s  and oceans wi th  l a r g e  
t ida  movements. 
F ig .  2.10 River water  l e v e l  changing wi th  time. A t  Levels 1 and 2 t h e  r i v e r  
i s  ga in ing  water,  a t  Level 3 i t  i s  l o s i n g  water 
Mathematically,  a head-cont ro l led  boundary t h a t  changes wi th  t i m e  i s  
expressed a s  h = f ( x , y , t ) ,  i . e .  t h e  head i s  a f u n c t i o n  of bo th  p l a c e  and 
time. A f ixed  head a t  the  boundary i s  expressed  a s  h = f ( x , y ) ,  i . e .  t h e  
head i s  a func t ion  of p l a c e  only .  
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Like  zero-flow boundar ies ,  head -con t ro l l ed  boundar ies  can  be d i f f e r e n t i a t e d  
i n t o  i n t e r n a l  and e x t e r n a l  boundar i e s .  A s t r eam c r o s s i n g  a groundwater 
b a s i n  and ( p a r t l y )  i n  h y d r a u l i c  c o n t a c t  w i t h  t h e  a q u i f e r  i s  an i n t e r n a l  
head -con t ro l l ed  boundary. F o r  a c o a s t a l  a q u i f e r  i n  d i r e c t  con tac t  wi th  t h e  
ocean ,  t h e  ocean i s  an e x t e r n a l  head -con t ro l l ed  boundary. 
Flow-controlled boundary 
A f low-con t ro l l ed  boundary, a l s o  c a l l e d  r e c h a r g e  boundary, i s  a boundary 
through which a c e r t a i n  volume of groundwater e n t e r s  t h e  a q u i f e r  pe r  u n i t  
o f  t ime from a d j a c e n t  s t r a t a  whose h y d r a u l i c  head and /o r  t r a n s m i s s i v i t y  a r e  
n o t  known. The q u a n t i t y  of w a t e r  t r a n s f e r r e d  i n  t h i s  way u s u a l l y  has  t o  be 
e s t i m a t e d  from r a i n f a l l  and runof f  d a t a .  
The boundary i t s e l f  may be one of  zero- f low,  f o r  example a mountain f r o n t  
a g a i n s t  which t h e  a q u i f e r  t e r m i n a t e s ,  bu t  which i s  o v e r l a i n  by co l luv ium,  a 
t h i n  s o i l  cover o r  pediment (F ig .  2 . 1 1 ) .  Runoff from r a i n f a l l  may ( p a r t l y )  
p e r c o l a t e  i n t o  t h e  co l luv ium and c r o s s  t h e  boundary a s  groundwater f low 
i n t o  t h e  a q u i f e r .  
A s i m i l a r  s i t u a t i o n  occurs  where a s t r eam f lowing  through mountainous a r e a s  
debouches i n t o  a p l a i n  where it h a s  formed an a l l u v i a l  fan  (Fig.  2 . 1 2 ) .  
Fans  a r e  commonly developed a long  a c t i v e  f a u l t  s c a r p s ,  so t h a t  they f r e q -  
u e n t l y  g ive  t h i c k  sequences of  s y n t e c t o n i c  sed iments  on t h e  downthrown s i d e  
o f  major f a u l t s .  Downstream of t h e  p o i n t  of debouchment, t h e  v a l l e y  widens 
and  deepens and i s  p a r t l y  f i l l e d  wi th  b o u l d e r s ,  g r a v e l ,  and very  coa r se  
sand .  The t h i c k n e s s  of t h e s e  coa r se  mater ia ls  i n c r e a s e s  i n  downstream 
d i r e c t i o n .  I n  t h e  proximal f a n  t h e  r i v e r  may s p l i t  i n t o  numerous b ra ided  
. channe l s  which do  n o t  a l low proper  f low measurements t o  be taken .  Consider- 
a b l e  q u a n t i t i e s  of  t h e  r i v e r  flow p e r c o l a t e  i n  t h i s  p a r t  of t h e  fan  and 
e n t e r  t h e  mid-fan a t  B a s  under f low (Fig .  2 . 1 2 ) .  Usual ly  t h i s  underflow can  
o n l y  be e s t i m a t e d .  I t s  v a l u e ,  which e n t e r s  t h e  model as a r echa rge ,  can be 
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F ig .  2 . 1 1  D i f f e r e n t  t ypes  of groundwater bas in  boundar i e s .  
1 :  f low-cont ro l led  boundary 
2 :  e x t e r n a l  zero-flow boundary 
3: i n t e r n a l  zero-flow boundary 
4 and 5: i n t e r n a l  head-cont ro l led  boundar ies  
6 :  e x t e r n a l  head-cont ro l led  boundary 
7 :  f r e e  su r face  boundary 
Another example of a f low-cont ro l led  boundary i s  t h e  sha rp  c o n t a c t  w i th  
another  geologica l  format ion  of low t r a n s m i s s i v i t y .  Such a c o n t a c t  can be  a 
nonconformity o r  a f a u l t  (F ig .  2 . 1 3 ) .  The water  ba lance  of t h e  ad jacen t  
s t r a t a  and t h e i r  r e l a t i v e  t r a n s m i s s i v i t y  may g ive  an i n d i c a t i o n  of t h e  
l i k e l y  magnitude of t he  flow. 
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Fig. 2.12 Example of an alluvial fan and cross-section, with braided 
channels in the proximal part. Percolation in the proximal part enters the 
mid-fan at B as underflow. 
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F i g .  2 . 1 3  F low-cont ro l led  b o u n d a r i e s .  
A: Boundary a t  a non-conformi ty  
B :  Boundary a t  a f a u l t  
F low-cont ro l led  b o u n d a r i e s  are s i m u l a t e d  by s e t t i n g  t h e  h y d r a u l i c  conduct -  
i v i t y  a t  t h e  boundary e q u a l  t o  z e r o  (K = O ) ,  and e n t e r i n g  t h e  under f low'  
i n t o  t h e  model as a r e c h a r g e  t e r m .  M a t h e m a t i c a l l y ,  t h e  f l o w  i s  r e p r e s e n t e d ,  
f o r  s t e a d y  s t a t e ,  by t h e  normal  g r a d i e n t  a h f a n ,  t a k i n g  a s p e c i f i e d  v a l u e  
ahfan  = - ( v e l o c i t y  normal  t o  boundary  t p e r m e a b i l i t y  normal  t o  b o u n d a r y ) .  
When m o d e l l i n g  a groundwater  b a s i n ,  i t  i s  a d v i s a b l e  t o  l e t  t h e  e x t e r n a l  
b o u n d a r i e s  of t h e  model c o i n c i d e  w i t h  h e a d - c o n t r o l l e d  a n d / o r  zero- f low 
b o u n d a r i e s .  Q u i t e  o f t e n ,  however ,  a model i s  r e q u e s t e d  f o r  o n l y  a p o r t i o n  
of  t h e  b a s i n ,  i n  which case i t  may n o t  be p o s s i b l e  t o  l e t  t h e  b o u n d a r i e s  
c o i n c i d e  because  t h e  n e a r e s t  stream or impermeable v a l l e y  w a l l  i s  t o o  f a r  
away. I n  such cases a n  a r b i t r a r y ,  though c o n v e n i e n t ,  boundary must be 
chosen.  Groundwater may f l o w  a c r o s s  such  a boundary e i t h e r  i n t o  o r  o u t  o f  , 
t h e  a q u i f e r ,  depending  on t h e  h y d r a u l i c  heads  on e i t h e r  s i d e  o f  t h e  bound- 
a r y .  I f ,  f o r  example,  t h e  area beyond t h e  a r b i t r a r y  boundary i s  a s e e p a g e  
zone w i t h  a permanent ly  h i g h  w a t e r t a b l e ,  t h e  head i n  t h i s  zone i s  f i x e d  and 
t h e  f l o w  through t h e  boundary i s  c o n t r o l l e d  by t h e  head i n  t h e  seepage  
zone. To c a l c u l a t e  t h e  f l o w  a c r o s s  h e a d - c o n t r o l l e d  b o u n d a r i e s ,  d a t a  on t h e  
h y d r a u l i c  c o n d u c t i v i t y  a t  t h e  boundary  should  be  a v a i l a b l e .  
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2 . 2 . 6  L i t h o l o g i c a l  v a r i a t i o n s  w i t h i n  t h e  a q u i f e r  
No a q u i f e r  i s  l i t h o l o g i c a l l y  uni form ove r  i t s  e n t i r e  e x t e n t .  Both l a t e r a l  
and v e r t i c a l  v a r i a t i o n s  occur ,  which can  be recognized  a s  f a c i e s  changes.  
In one p a r t  of t h e  b a s i n  t h e  a q u i f e r  may be predominantly sand and g r a v e l ,  
whereas i n  o t h e r  p a r t s  f i n e  sand o r  even s i l t  and c l a y  may predominate 
(Reading 1978) .  S ince  g r a i n  s i z e  h a s  a g r e a t  b e a r i n g  on h y d r a u l i c  conduct- 
i v i t y  and p o r o s i t y ,  and t h u s  on t h e  f low and s t o r a g e  of groundwater, a 
s tudy  of f a c i e s  changes forms an  i n t r i n s i c  p a r t  o f  groundwater bas in  
model l ing .  F a c i e s  changes can be s t u d i e d  i n  s t r a t i g r a p h i c  u n i t s  known t o  be  
contemporaneous o r  i n  groupings  of  s t r a t a  w i thou t  r e s p e c t  t o  s t r a t i g r a p h i c  
boundar i e s  o r  l i m i t s .  The c r o s s - s e c t i o n s  d i s c u s s e d  e a r l i e r  can be used t o  
de t e rmine  s a t i s f a c t o r y  boundar ies  f o r  f a c i e s  mapping. I f  a s t r a t i g r a p h i c  
u n i t  w i th  c l e a r l y  de f ined  upper and lower boundar ies  i s  s e l e c t e d ,  one can  
c a l c u l a t e  t h e  pe rcen tage  of sand i n  t h e  t o t a l  t h i c k n e s s  of t h a t  u n i t .  When 
t h e s e  pe rcen tages  a r e  p l o t t e d  a t  each  c o n t r o l  p o i n t  of a map, l i n e s  of 
equa l  sand percentage  can be drawn (F g. 2 .  1 4 ) .  
Fig .  2 .14  Sand percentage  map of  a Quaternary  format ion  wi th  r e l a t i v e l y  
c o n s t a n t  t h i c k n e s s  
30 
Another u s e f u l  type  of f a c i e s  map i s  t h e  l i t h o l o g i c  r a t i o  map. It i s  made 
by c a l c u l a t i n g  t h e  r a t i o  of sand (o r  sands tone)  t o  a l l  o t h e r  sediments i n  a 
s t r a t i g r a p h i c  u n i t ,  p l o t t i n g  t h e s e  r a t i o s  on a map, and drawing l i n e s  of 
equa l  r a t i o .  Such a map shows t h e  r e l a t i v e  importance of sand (or  sand- 
s tone )  i n  t h e  u n i t .  The r a t i o  v a l u e s  r ange  from i n f i n i t y  (a  s e c t i o n  com- 
posed e n t i r e l y  of sand) t o  zero  (no sand) .  A r a t i o  of 1.0 means t h e  amount 
of sand i n  t h e  u n i t  i s  equal  t o  t h e  sum o f  the  o t h e r  sed iments .  I f  t h e  u n i t  
c o n s i s t s  of on ly  sand and c l a y ,  one can p repa re  a sand-clay r a t i o  map (F ig .  
2 . 1 5 ) .  
F ig .  2 .  15 Example of a sand-clay r a t i o  map 
Because of t h e  wide range from ze ro  t o  i n f i n i t y ,  i t  i s  recommended t h a t  t h e  
contour  l i n e  of va lue  1.0 be drawn f i r s t ,  followed by contour  l i n e s  o f  2 ,  
4 ,  8, e t c . ,  on one s i d e ,  and 112, 114 ,  118, e t c . ,  on t h e  o t h e r .  For a 
c o r r e c t  i n t e r p r e t a t i o n  of t he  map, an i sopach  map of t h e  s t r a t i g r a p h i c  u n i t  
should a l s o  be a v a i l a b l e  o r  t h e  two maps should be combined. 
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2.2 .7  Aqui fer  c h a r a c t e r i s t i c s  
The magnitude and s p a t i a l  d i s t r i b u t i o n  of t h e  a q u i f e r  c h a r a c t e r i s t i c s  must 
be  s p e c i f i e d .  Depending on t h e  type  of a q u i f e r  (F ig .  2 .51 ,  t h e s e  c h a r a c t e r -  
i s t i c s  may be: 
h y d r a u l i c  c o n d u c t i v i t y ,  K ( f o r  a l l  types  of a q u i f e r s )  
s t o r a g e  c o e f f i c i e n t ,  S ( f o r  conf ined  and semi-confined a q u i f e r s )  
s p e c i f i c  y i e l d ,  li ( f o r  unconfined a q u i f e r s )  
h y d r a u l i c  c o n d u c t i v i t y ,  K '  ( f o r  t h e  conf in ing  l a y e r  o v e r l y i n g  a semi- 
conf ined  a q u i f e r ) .  
s p e c i f i c  y i e l d ,  p '  ( f o r  t he  c o n f i n i n g  l a y e r  o v e r l y i n g  a semi-confined 
a q u i f e r )  
Var ious  f i e l d ,  l a b o r a t o r y ,  and numer ica l  methods a r e  a v a i l a b l e  t o  de te rmine  
o r  e s t i m a t e  t h e s e  c h a r a c t e r i s t i c s .  
Estimating K D  or K from i n - s i t u  t e s t  data 
Without any doub t ,  a q u i f e r  tes ts  a r e  t h e  most r e l i a b l e  methods of determ- 
i n i n g  a q u i f e r  c h a r a c t e r i s t i c s .  We s h a l l  assume t h a t  t h e  r eade r  i s  f a m i l i a r  
w i t h  t h e s e  t es t s .  I f  n o t ,  w e  r e f e r  him t o  Kruseman and de Ridder (1970). 
A d i sadvan tage  of a q u i f e r  t e s t s  i s  t h e i r  h igh  c o s t .  I n  r e g i o n a l  groundwater 
s t u d i e s  u s u a l l y  o n l y  a few such tes t s  can be performed and t h e  d a t a  t h e y  
p rov ide  are n o t  s u f f i c i e n t  t o  compile t h e  maps of h y d r a u l i c  c o n d u c t i v i t y ,  
s t o r a g e  c o e f f i c i e n t ,  o r  s p e c i f i c  y i e l d  t h a t  a r e  needed f o r  proper  a q u i f e r  
model l ing .  Supplementary d a t a  thus  have t o  be c o l l e c t e d  by o t h e r ,  perhaps  
less  a c c u r a t e ,  methods. An advantage of some of t h e s e  methods, however, i s  
t h a t  t h e y  can be  used on e x i s t i n g  w e l l s  o r  bo re  h o l e s .  Examples a r e :  
w e l l  tes t  
s l u g  t e s t  
p o i n t  t es t  
A wel l  t e s t  c o n s i s t s  of pumping'an e x i s t i n g  small-diameter we l l  a t  a 
c o n s t a n t  r a t e  and measur ing  t h e  drawdown i n  t h e  w e l l .  When, a f t e r  some 
t ime ,  t h e  water l e v e l  has  approximate ly  s t a b i l i z e d ,  s t eady  flow c o n d i t i o n s  
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I 
can be  assumed and a m o d i f i c a t i o n  of t h e  Thiem e q u a t i o n  can  be  used t o  
c a l c u l a t e  t h e  t r a n s m i s s i v i t y :  




s = t h e  s t a b i l i z e d  drawdown i n s i d e  t h e  w e l l  a t  s t e a d y  f low i n  m, 
K = t h e  h y d r a u l i c  c o n d u c t i v i t y  of t h e  a q u i f e r  f o r  h o r i z o n t a l  f low i n  
= t he ,  c o n s t a n t  w e l l  d i s c h a r g e  i n  m3/d ,  
W 
m/d , 
D = t h e  t h i c k n e s s  of t h e  a q u i f e r  i n  m. 
This  equa t ion  expres ses  t h a t  t h e  t r a n s m i s s i v i t y ,  KD, approximate ly  e q u a l s  
t h e  s p e c i f i c  c a p a c i t y  of t h e  w e l l ,  i . e .  t h e  y i e l d  of t h e  w e l l  pe r  metre 
drawdown. A w e l l  t e s t  can be a p p l i e d  t o  bo th  conf ined  and unconf ined  
a q u i f e r s ,  a l though f o r  unconfined a q u i f e r s ,  t h e  drawdown s must be co r -  
r e c t e d :  s '  = s 
W 
- ( s 2 / 2 D ) ,  where D i s  t h e  s a t u r a t e d  a q u i f e r  t h i c k n e s s  i n  m. 
w w  W 
Note: Appreciable e r r o r s  can be made i n  c a l c u l a t i n g  t h e  t r a n s m i s s i v i t y  i n  
t h i s  way, e s p e c i a l l y  when in fo rma t ion  on t h e  w e l l  c o n s t r u c t i o n  i s  n o t  
a v a i l a b l e ,  o r  when t h e  wel l  s c r e e n  i s  p a r t l y  c logged .  Reasonable e s t i m a t e s  
of  KD can a l s o  be made by app ly ing  J a c o b ' s  method t o  t h e  time-drawdown and 
t ime-recovery d a t a  from a pumped we l l  ( s e e  Kruseman and d e  Ridder 1 9 7 0 ) .  
A slug t e s t  c o n s i s t s  of  a b r u p t l y  removing a c e r t a i n  volume of  wa te r  from a 
w e l l ,  e i t h e r  w i th  a h igh -capac i ty  pump o r  w i th  a bucket  o r  b a i l e r ,  and 
measuring t h e  r a t e  of r i s e  of t h e  water  l e v e l  i n  t h e  w e l l .  The s l u g  of 
wa te r  removed must be l a r g e  enough t o  lower t h e  water  l e v e l  by some 10 t o  
50 cm. F e r r i s  e t  a l .  (1962)  and Cooper e t  a l .  (1967)  p re sen ted  formulas  f o r  
c a l c u l a t i n g  t h e  t r a n s m i s s i v i t y  and s p e c i f i c  y i e l d  of an  unconfined a q u i f e r  
i f  t h e  well  f u l l y  p e n e t r a t e s  t h e  a q u i f e r .  Bouwer and Rice ( 1 9 7 6 ) ,  s e e  a l s o  
Bouwer (1978) ,  gave t h e  fo l lowing  equa t ions  f o r  p a r t i a l l y -  and f u l l y -  
p e n e t r a t i n g  w e l l s  i n  an unconfined a q u i f e r  (F ig .  2 . 1 6 ) :  
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r2  ln(Re/ rw)  Y, 
K =  - In - 
Le Y t  
I f  L = D ( f u l l y  p e n e t r a t i n g  w e l l )  then  
W 
111 O O 
_ _  
I I 
I 2r, I 
I 
I< Re > 
F i g .  2 .16  S lug  t e s t  i n  unconfined a q u i f e r  
( 2 . 2 )  
( 2 . 3 )  
Values  of y 
t 
semi- logar i thmic  paper .  For a g iven  v a l u e  o f  L / r  
o f  C must be  r ead  from a graph. 
f o r  d i f f e r e n t  t imes  f a l l  on a s t r a i g h t  l i n e  when p l o t t e d  on 
t h e  cor responding  v a l u e  e w  
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A point  t e s t  i s  a p e r m e a b i l i t y  tes t  made w h i l e  d r i l l i n g  an e x p l o r a t o r y  b o r e  
h o l e .  When t h e  h o l e  h a s  r e a c h e d  t h e  r e q u i r e d  d e p t h ,  a smal l  s c r e e n ,  whose 
l e n g t h  e q u a l s  i t s  d i a m e t e r ,  i s  lowered i n t o  t h e  h o l e .  A f t e r  t h e  c a s i n g  h a s  
b e e n  p u l l e d  up o v e r  a ce r t a in  d i s t a n c e  and a p a c k e r  h a s  been  p l a c e d  t o  
c l o s e  t h e  a n n u l a r  s p a c e ,  t h e  water level  i n  the p i p e  i s  lowered by a 
compressor .  When t h e  water leve l  i n  t h e  p i p e  h a s  s t a b i l i z e d ,  the  p r e s s u r e  
i s  r e l e a s e d  and t h e  ra te  of r ise  of  t h e  water level  i n  t h e  p i p e  i s  measured.  
Bruggeman (1976)  gave t h e  f o l l o w i n g  e q u a t i o n  f o r  t h e  change  i n  water leve l :  
-4Ktr r2  s = h e  b c  t 
where  
( 2 . 4 )  
o 
s = drawdown a t  t i m e  t w i t h  r e s p e c t  t o  t h e  i n i t i a -  water l e v e l  (m) 
h = h e i g h t  of t h e  d e p r e s s e d  water column (m) 
t = t i m e  s i n c e  t h e  a i r  p r e s s u r e  w a s  r e l e a s e d  ( d a y s )  
K = h y d r a u l i c  c o n d u c t i v i t y  (m/d) 
r = r a d i u s  of t h e  s c r e e n  (m) 
r = r a d i u s  o f  t h e  p i p e  (m) 
t 
b 
The measured water l e v e l s  are p l o t t e d  a g a i n s t  t h e  c o r r e s p o n d i n g  t i m e  on 
s e m i - l o g a r i t h m i c  p a p e r  ( t h e  t i m e  on t h e  a r i t h m e t i c  s c a l e ) .  The p o i n t s  f a l l  
on a s t r a i g h t  l i n e ,  t h e  s l o p e  of  which c a n  be d e t e r m i n e d .  The h y d r a u l i c  
c o n d u c t i v i t y  of t h e  a q u i f e r  material  a t  t h e  d e p t h  o f  the  screen i s  t h e n  
found from 
K =  
I f  t h e  w a t e r  
I C  I 0 .575  -- r A t  
b 
e v e l  i s  lowered y pumping, s t e a d y  f l o w  i s  r e a c h e d  w i  h i n  a 
f e w  minutes .  F o r  t h i s  f l o w  c o n d i t i o n ,  t h e  f o l l o w i n g  e q u a t i o n  c a n  b e  used t o  
c a l c u l a t e  t h e  h y d r a u l i c  c o n d u c t i v i t y :  
K = A  
b 4 n s r  
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When app ly ing  t h e s e  formulas ,  one should t a k e  i n t o  account t h e  s k i n  f a c t o r  
( r e s i s t a n c e  of t h e  s c r e e n ) ,  t h e  s t o r a g e  of  water  i n  t h e  p i p e ,  and t h e  in -  
e r t i a  f o r c e s  o f  t h e  water  i n  t h e  p ipe  (Uff ink  1 9 7 9 ) .  While d r i l l i n g  a bo re  
h o l e ,  one can  make t h i s  t es t  a t  d i f f e r e n t  dep ths  of t h e  a q u i f e r  and can  
t h e n  c a l c u l a t e  a weighted mean hydrau l i c  c o n d u c t i v i t y  f o r  t h e  whole aqu i -  
f e r .  
Estimating K Jrom grain s i z e  
Since  i n  r e g i o n a l  groundwater s t u d i e s  one i s  more i n t e r e s t e d  n o b t a i n i n g  
a t h e  o r d e r  of magnitude of K a t  a s  many p l a c e s  a s  p o s s i b l e  i n  he b a s i n ,  
r a t h e r  than  v e r y  accu ' ra te  v a l u e s  a t  on ly  a few p l a c e s ,  t h e  method of  
e s t i m a t i n g  K f rom g r a i n  s i z e  can  be a v a l u a b l e  a d d i t i o n  t o  more a c c u r a t e ,  
b u t  c o s t l y ,  a q u i f e r  t e s t s .  
Gra in  s i z e  d i s t r i b u t i o n  i s  commonly expressed  by a s i n g l e  parameter :  median 
( M ) ,  o r  s p e c i f i c  s u r f a c e  of t h e  sand f r a c t i o n  (U). The s p e c i f i c  s u r f a c e  (U) 
i s  d e f i n e d  a s  t h e  r a t i o  of t h e  t o t a l  s u r f a c e  a r e a  of  t h e  p a r t i c l e s  t o  t h e  
s u r f a c e  a r e a  of an  e q u a l  q u a n t i t y ,  by we igh t ,  of s p h e r i c a l  p a r t i c l e s  of  t h e  
same m a t e r i a l  w i t h  a d i ame te r  of 1 cm. 
Assume w gram of m a t e r i a l  whose p a r t i c l e s  are sphe res  wi th  a d i ame te r  of d 
cm and a mass d e n s i t y  p ;  t h e  number of p a r t i c l e s  i n  w gram m a t e r i a l  i s  
t h e n  : 
and t h e  t o t a l  s u r f a c e  a r e a  of t h e s e  p a r t i c l e s  i s :  
The t o t a l  s u r f a c e  area of w gram of t h e  p a r t i c l e s  w i th  a d iameter  of 1 c m  
i s  t h e r e f o r e  6 w / p  cm'. The s p e c i f i c  s u r f a c e  of t h e  m a t e r i a l  i s  
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Aquifer  m a t e r i a l s  d o  n o t  g e n e r a l l y  c o n s i s t  of un i form p a r t i c l e s  o f  one 
s i n g l e  d i ame te r  b u t  o f  p a r t i c l e s  of d i f f e r e n t  s i z e s  t o  b e  grouped i n  
f r a c t i o n s ,  each  w i t h  c e r t a i n  l i m i t s  of p a r t i c l e  s i z e .  T h i s  grouping  i s  used  
t o  c l a s s i f y  t h e  sands .  Table  2 . 2  g i v e s  t h e  c l a s s i f i c a t i o n  sys tem,  t h e  
p a r t i c l e  s i z e  l i m i t s ,  and co r re spond ing  v a l u e  of U. 
Table  2 . 2  C l a s s i f i c a t i o n  of sandy m a t e r i a l s ,  g r a i n  s i z e  l i m i t s ,  and c o r r e s -  
ponding s p e c i f i c  s u r f a c e  (U) 
o 
1 1 De s c r i p t  ion  P a r t i c l e  s i z e  u = ? ( -  2 d  + x )  
l i m i t s  (micron)  1 2 




S i l t  16 63 i(625 + 160) = 390 
Very f i n e  sand 63 83 i(160 + 120) = 140 
F i n e  sand 83 125 ;(I20 + 80) = 100 
Moderately f i n e  sand 125 200 i (  80 + 50) = 65 
Moderately c o a r s e  sand 200 333 i (  50 + 30) = 40 
Coarse sand 333 500 i (  30 + 20) = 25 
Very c o a r s e  sand 500 1,000 i (  20 + I O )  = 15 
Extremely c o a r s e  sand 1,000 2,000 i (  I O  + 5)  = 7.5 i 
The s p e c i f i c  s u r f a c e  (U) of  sand samples of d i f f e r e n t  f r a c t i o n s  i s  u s u a l l y  
de te rmined  from t h e  r e s u l t s  of a mechanical  a n a l y s i s  of  t h e  samples  f o r  
which a set  of s t a n d a r d  s i e v e s  i s  used.  Af t e r  s i e v i n g  t h e  sample,  one 
weighs t h e  m a t e r i a l  l e f t  behind on each s i e v e  and m u l t i p l i e s  t h e  weight  
w i t h  t h e  co r re spond ing  U-values. To f i n d  t h e  U-value, t h e  r e s u l t s  a r e  
summed and d iv ided  by t h e  t o t a l  weight  of t h e  sample:  
U . W .  
1 1  - -  
"sample - wtot  
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The r e l a t i o n  between t h e  h y d r a u l i c  c o n d u c t i v i t y  and g r a i n  s i z e  d i s t r i b u t i o n  
o f  sandy m a t e r i a l s  has  been t h e  s u b j e c t  of  numerous i n v e s t i g a t i o n s .  I f  t h e  
U-value i s  chosen a s - a  parameter  f o r  t h e  g r a i n  s i z e  d i s t r i b u t i o n ,  i t  
appea r s  t h a t  i n  a l l  t h e  formulas  t h e  h y d r a u l i c  c o n d u c t i v i t y  i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  U 2 .  For  homogeneous s a n d s ,  f r e e  of  c l a y ,  t h e  fo l lowing  
e q u a t i o n  a p p l i e s  : 
where 
p = p o r o s i t y  of  t h e  sand 
C = a f a c t o r  r e p r e s e n t i n g  t h e  i n f l u e n c e  of  t h e  shape  of  t h e  p a r t i c l e s  
and t h e  v o i d s  
Var ious  i n v e s t i g a t i o n s  have shown t h a t  t h e  p r o p o r t i o n a l i t y  f a c t o r  between K 
( i n  m/d) and ] / U 2 ,  o r  t h e  product  K U 2 ,  v a r i e s  f rom 31 x I O 3  t o  71 x I O 3  
a t  a p o r o s i t y  of t h e  sand p = 0.40. Most v a l u e s  range  from 31 x I O 3  t o  
45 x I O 3  (de  Ridder  and W i t  1965). 
For  c o n d i t i o n s  i n  The Ne the r l ands ,  E r n s t  (unpubl i shed  r e s e a r c h )  found t h a t  
t h e  f o l l o w i n g  e m p i r i c a l  e q u a t i o n  gave t h e  b e s t  r e s u l t s  when compared w i t h  
a q u i f e r  t es t s :  
K = 54,000 U-’ CsoCclCgr ( 2 .  I O )  
where 
K = h y d r a u l i c  c o n d u c t i v i t y ,  m/d 
U = s p e c i f i c  s u r f a c e  of t h e  main sand f r a c t i o n  
Cso = c o r r e c t i o n  f a c t o r  f o r  t h e  s o r t i n g  o f  t h e  sand 
Ccl = c o r r e c t i o n  f a c t o r  f o r  t h e  p re sence  of p a r t i c l e s  s m a l l e r  than  
16 microns  
C = c o r r e c t i o n  f a c t o r  f o r  t h e  p re sence  o f  g r a v e l  
g r  
F i g u r e  2 . 1 7  shows a g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e s e  c o r r e c t i o n  f a c t o r s .  
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Fig. 2.17 Correction factors for estimating hydraulic conductivity of sands 
from grain-size distribution expressed in specific surface (U) 
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The f a c t o r s  Cso  t a k e s  i n t o  account t he  s o r t i n g  of t h e  sand ,  taken  a s  t h e  
t o t a l  pe rcen tage  by weight of t h e  t h r e e  ne ighbour ing  s u b f r a c t i o n s  i n  which 
t h e  abundance of g r a i n s  i s  g r e a t e s t .  For a s o r t i n g  of 70 per c e n t ,  t h e  
c o r r e c t i o n  f a c t o r  i s  1 ;  f o r  a h ighe r  s o r t i n g  i t  i s  g r e a t e r  than  1 ,  and f o r  
a lower  s o r t i n g  i t  i s  l e s s  t han  1. 
Clay reduces  t h e  h y d r a u l i c  c o n d u c t i v i t y  of a sand. I f  t h e  sand sample 
c o n t a i n s  more t h a n  6 per  c e n t  p a r t i c l e s  s m a l l e r  than  16 microns,  t h e  method 
c a n n o t  be used .  
I f  g r a v e l  o c c u r s  in te rmixed  wi th  sand ,  i t  o b s t r u c t s  t h e  flow of water  and 
consequen t ly  d e c r e a s e s  h y d r a u l i c  c o n d u c t i v i t y .  Normally, however, g r a v e l  
o c c u r s  a s  s e p a r a t e  l a y e r s  whose h y d r a u l i c  c o n d u c t i v i t y  i s  h igh .  I n  t h e  
g raph  f o r  t h e  C f a c t o r ,  o n l y  t h i s  e f f e c t  i s  cons ide red .  The f a c t o r  C i s  
g r e a t e r  than  I .  
g r  g r  
To g i v e  an example, suppose a sample i s  c l a s s i f i e d  a s  f i n e  sand, wi th  a 
s o r t i n g  of 60 p e r  c e n t  of t h e  g r a i n s  i n  t h e  top  t h r e e  f r a c t i o n s ,  approx- 
i m a t e l y  2 p e r  c e n t  p a r t i c l e s  sma l l e r  t h a n  16 microns ,  and no g rave l .  The 
h y d r a u l i c  c o n d u c t i v i t y  of t h e  sand i s  (Eq. 2 . 1 0 ) :  
K = 5 4 , 0 0 0  X loo-* x 0.76 X 0 .58  x 1.0 = 2 .4  m/d 
The g r a i n - s i z e  method can be  used t o  e s t i m a t e  t h e  h y d r a u l i c  c o n d u c t i v i t y  of 
sandy m a t e r i a l s  found i n  o l d  and new bore  h o l e s ,  p rovided  t h a t  t h e i r  l o g s  
a r e  a v a i l a b l e  and t h a t  t h e  l o g s  g ive  s u f f i c i e n t  d e t a i l s  on t h e  g r a i n  s i z e  
d i s t r i b u t i o n  and on t h e  c l a y  and g rave l  c o n t e n t s  of t h e  l a y e r s  p i e r c e d .  
The procedure  of e s t i m a t i n g  an  a q u i f e r ' s  t r a n s m i s s i v i t y  and weighted mean 
h y d r a u l i c  c o n d u c t i v i t y  from g r a i n  s i z e  d a t a  i s  a s  f o l l o w s  (F ig .  2 . 1 8 ) .  
Using t h e  c l a s s i f i c a t i o n  of Table  2.2 and Eq. 2 . 1 0 ,  one c a l c u l a t e s  t h e  
h y d r a u l i c  c o n d u c t i v i t y  of t h e  m a t e r i a l s  desc r ibed  f o r  each l a y e r .  These K- 
v a l u e s  a r e  m u l t i p l i e d  by t h e  th i ckness  of t h e  i n d i v i d u a l  l a y e r s .  The sum of  
t h e s e  KD v a l u e s  i s  t h e  t r a n s m i s s i v i t y  of t h e  a q u i f e r .  Div id ing  t h e  sum by 
t h e  t o t a l  t h i c k n e s s  of t h e  a q u i f e r  g i v e s  t h e  weighted mean h y d r a u l i c  
c o n d u c t i v i t y ,  E, of t h e  a q u i f e r .  
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Fig .  2 . 1 8  Es t ima t ing  t r a n s m i s s i v i t y  from g r a i n  s i z e s  desc r ibed  i n  a b o r e  
l o g  
Analyzing g ra in - s i ze  d i s t r i b u t i o n  of l a r g e  numbers of samples i n  t h e  
l abora to ry  and c a l c u l a t i n g  U-values i s  time-consuming and c o s t l y .  Exper- 
ienced f i e l d  staff, u s i n g  on ly  a magnifying g l a s s  with b u i l t - i n  measuring 
s c a l e  o r  a sand r u l e r  t h a t  c o n t a i n s  small q u a n t i t i e s  of  t he  s u b f r a c t i o n s  
given i n  Table 2 . 2 ,  are o f t e n  capab le  of making f a i r l y  good e s t i m a t e s  of 
the  average g r a i n  s i z e  ( U )  o f  d r i e d  samples, t h e i r  s o r t i n g ,  and t h e i r  c l a y  
and grave l  c o n t e n t s .  The g ra in - s i ze  method can a l s o  be a p p l i e d  t o  t h e s e  
e s t i m a t e s  t o  o b t a i n  an  average K and KD of an a q u i f e r .  Experience h a s  
shown, however, t h a t  t h e  g r e a t e s t  e r r o r s  i n  e s t i m a t i n g  U a r e  made i n  t h e  
two extreme g r a i n  s i z e  c l a s s e s :  s i l t s  t o  very  f i n e  sands ,  and very c o a r s e  
t o  extremely coa r se  sands .  It i s  obvious t h a t  e s t i m a t e s  of K and KD made i n  
t h i s  way g ive  on ly  an o rde r  of magnitude of t h e s e  c h a r a c t e r i s t i c s  and t h a t  
apprec i ab le  e r r o r s  can  b e  made. 
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It  s h o u l d  a l s o  b e  n o t e d  t h a t  t h e  p r o p o r t i o n a l i t y  f a c t o r  of  54,000 i n  Eq. 
2 . 1 0  may n o t  be  v a l i d  f o r  a l l  d e p o s i t i o n a l  e n v i r o n m e n t s .  We would t h e r e f o r e  
s u g g e s t  t h a t  t h e  method f i r s t  b e  a p p l i e d  a t  a q u i f e r  t es t  s i t e s  and t h a t  
a v e r a g e  KD v a l u e s  b e  o b t a i n e d  from samples  a n d / o r  w e l l  l o g s  o f  t h e  o b s e r v a -  
t i o n  w e l l s .  I E  t h e  a v e r a g e  of  t h e s e  e s t i m a t e s  compares  w e l l  w i t h  t h e  KD 
v a l u e  found from the  a q u i f e r  t e s t ,  t h e  method can b e  a p p l i e d .  I f  t h e  
compar ison  i s  n o t  good, t h e  p r o c e d u r e  s h o u l d  b e  r e p e a t e d  u s i n g  a n  a d j u s t e d  
p r o p o r t i o n a l i t y  f a c t o r .  
Flow n e t  method 
I n  those p a r t s  of a b a s i n  where n o  a q u i f e r  t es t s  have been conducted and 
where no w e l l  o r  b o r e  l o g s  are a v a i l a b l e ,  and i n d i r e c t  method of  es t imat ing 
t h e  a q u i f e r  t r a n s m i s s i v i t y  can b e  u s e d .  F o r  t h i s  p u r p o s e  one n e e d s  an 
a c c u r a t e  w a t e r t a b l e - c o n t o u r  map on which one s k e t c h e s  s t r e a m  l i n e s  o r t h -  
o g o n a l l y  t o  t h e  c o n t o u r  l i n e s  so t h a t  a f l o w  ne t  i s  o b t a i n e d  (F ig .  2 . 1 9 ) .  
I f  KD i s  known f o r  one segment of  a stream t u b e ,  f o r  example because  an 
a q u i f e r  t e s t  h a s  been made t h e r e ,  KD o f  t h e  o t h e r  segments  i n  t h e  s t r e a m  
t u b e  can be c a l c u l a t e d  by u s i n g  D a r c y ' s  f o r m u l a  i n  e a c h  segment i n  suc-  
cess ion. 
I f  (KD) i s  known, t h e n  i n  t h e  n e x t  segment  i s  found from A 
where 
qA = f l o w  i n  segment A(m3/d) 
WA 
= a v e r a g e  w i d t h  of  Segment A 
LA = a v e r a g e  l e n g t h  o f  Segment A 
AhA = p o t e n t i a l  d r o p  a c r o s s  Segment A 
( 2 . 1 1 )  
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Fig .  2.19 Flow n e t  f o r  c a l c u l a t i n g  t h e  t r a n s m i s s i v i t y  KD i n  consecu t ive  
segments of a stream tube  
I n  t h i s  way, one can o b t a i n  the  s a a t i a l  d i s t r i b u t i o n  of KD f o r  t h e  whole 
l eng th  of t h e  s t r eam tube .  The r a t i o  q / q  r e p r e s e n t s  t h e  r e l a t i v e  change 
i n  flow i n  t h e  stream t u b e  due t o  r echa rge  and d i s c h a r g e  of groundwater.  I f  
q can be regarded  a s  a c o n s t a n t ,  t h e  r a t i o  can be t aken  a s  one,  o the rwise  
t h e  va r ious  r echa rge  and d i scha rge  terms must be known t o  de te rmine  t h e  
B A  
~ 
~ qB/qA r a t i o .  
Other methods 
Severa l  o the r  t echn iques  of de te rmining  a q u i f e r  c h a r a c t e r i s t i c s  e x i s t ,  b u t  
t h e i r  a p p l i c a t i o n  i s  r e s t r i c t e d  t o  s p e c i f i c  hydrogeo log ica l  c o n d i t i o n s .  I n  
c o a s t a l  a q u i f e r s  i n  d i r e c t  con tac t  w i th  t h e  ocean ,  f o r  i n s t a n c e ,  t h e  
t ransmiss ion  of t i d a l  waves i n  t h e  a q u i f e r  can be measured i n  a few observa-  
t i o n  w e l l s  p l aced  on a l i n e  pe rpend icu la r  t o  t h e  c o a s t .  The water  l e v e l  
d a t a  can then  be used t o  c a l c u l a t e  t h e  a q u i f e r  c h a r a c t e r i s t i c s  (Todd 1980; 
Wesseling 1959, 1973; d e  Ridder and W i t  1965; van d e r  Kamp 1973). 
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I n  a r i v e r i n e  a r e a  r e c e i v i n g  s t eady  seepage from a r i v e r ,  t h e  leakage 
f a c t o r  of  a semi-confined a q u i f e r  can be de te rmined  i n  a s i m i l a r  way, i . e .  
by  u s i n g  water  l e v e l  d a t a  from a few o b s e r v a t i o n  w e l l s  placed on a l i n e  
p e r p e n d i c u l a r  t o  t h e  r i v e r  (Wesseling 1973).  
Observing t h e  change i n  w a t e r t a b l e  a f t e r  an  i n s t a n t a n e o u s  change i n  t h e  
wa te r  l e v e l  of a ( s t r a i g h t )  r i v e r  t ract  o r  c a n a l  a l l o w s  t h e  va lue  of 
( K D / p ) '  of  an unconf ined  a q u i f e r  t o  be c a l c u l a t e d  (Edelman 1947, 1972; 
S ta l lman 1962; Huisman 1972). 
F i n a l l y ,  t h e  wa te r  ba lance  method can  be used  t o  c a l c u l a t e  t h e  h y d r a u l i c  
r e s i s t a n c e  of t h e  c o n f i n i n g  l a y e r  o v e r l y i n g  a semi-confined a q u i f e r  ( s e e  
S e c t i o n  4 of t h i s  Chap te r ) .  
I 
F i g .  2.20 Aqui fer  t r a n s m i s s i v i t y  of a h y p o t h e t i c a l  b a s i n  i n  m2/d 
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HydrauZic conductivity map 
The model r e q u i r e s  q u a n t i t a t i v e  d a t a  of t h e  a q u i f e r ' s  h y d r a u l i c  conduc t iv -  
i t y  For t h i s  purpose  t h e  t r a n s m i s s i v i t y  d a t a  ob ta ined  from a q u i f e r  t e s t s ,  
w e l  tests,  s l u g  tes ts ,  p o i n t  tes ts ,  and e s t i m a t e s  from w e l l  o r  bo re  logs 
and flow-net c a l c u l a t i o n s  should  a l l  be used t o  compile a (p re l imina ry )  
t r a n s m i s s i v i t y  map (F ig .  2 . 2 0 ) .  A h y d r a u l i c  c o n d u c t i v i t y  map can t h e n  be  
compiled. To do s o ,  one superimposes t h e  t r a n s m i s s i v i t y  map on t h e  i sopach  
map (Fig.  2 . 1 7 )  and r e a d s  t h e  t h i c k n e s s  and t h e  t r a n s m i s s i v i t y  a t  t h e  
i n t e r s e c t i o n s .  One f i n d s  t h e  h y d r a u l i c  c o n d u c t i v i t y  K a t  t h e  i n t e r s e c t i o n s  
by d i v i d i n g  KD by D. These K-values a r e  p l o t t e d  on a s e p a r a t e  map and l i n e s  
of equal  h y d r a u l i c  c o n d u c t i v i t y  a r e  drawn. 
Estimating spec i f ic  yieZd 
The s p e c i f i c  y i e l d ,  p, i s  a c h a r a c t e r i s t i c  p r o p e r t y  of unconfined a q u i f e r s .  
It i s  a d imens ion le s s  parameter  t h a t  c h a r a c t e r i z e s  t h e  s t o r a g e  c a p a c i t y  of  
such a q u i f e r s  and i s  u s u a l l y  d e f i n e d  as t h e  r a t i o  of t h e  d r a i n a b l e  volume 
t o  t h e  bulk  volume of t h e  a q u i f e r ,  o r  t h e  d i f f e r e n c e  between t h e  p o r o s i t y  
and t h e  s p e c i f i c  r e t e n t i o n ,  a l s o  known as f i e l d  c a p a c i t y  o r  water -hold ing  
c a p a c i t y  . 
The s p e c i f i c  y i e l d  can be de te rmined  from t h e  d a t a  of an a q u i f e r  t e s t .  Such 
t e s t s ,  however, must l a s t  s e v e r a l  days o r  even weeks t o  ensu re  t h a t  t h e  
c a l c u l a t e d  va lue  of p i s  r e l i a b l e .  S p e c i f i c  y i e l d  can be measured by a 
v a r i e t y  of o t h e r  t echn iques .  One can ,  f o r  example, t ake  s o i l  samples and 
de termine  i n  t h e  l a b o r a t o r y  t h e  d i f f e r e n c e  between t h e  volumetr ic -water  
con ten t  a t  s a t u r a t i o n  and t h e  wa te r  con ten t  when most of t h e  wa te r  h a s  
d ra ined  from t h e  po res  (water  con ten t  a t  f i e l d  c a p a c i t y ) .  
Another t echn ique ,  o f t e n  used i n  exper imenta l  f i e l d s ,  c o n s i s t s  of measur ing  
t h e  drop i n  w a t e r t a b l e ,  Ah, and t h e  amount of water d r a i n e d  from t h e  f i e l d ,  
Q. The s p e c i f i c  y i e l d  i s  found by d i v i d i n g  t h e  q u a n t i t y  of d ra inage  water 
by t h e  drop i n  w a t e r t a b l e  ( u  = (Q/A)/Ah, where A i s  the  a r e a ) .  
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I n  l a r g e  groundwater  b a s i n s ,  any of t h e s e  t e c h n i q u e s  a r e  time-consuming and 
t h e r e f o r e  c o s t l y ,  so t h e i r  u s e  w i l l  p robab ly  be l i m i t e d  t o  j u s t  a few 
s i t e s .  T h i s  produces a f a r  from r e l i a b l e  p i c t u r e  of  t h e  areal d i s t r i b u t i o n  
of  t h e  s p e c i f i c  y i e l d .  An expe r i enced  h y d r o g e o l o g i s t  may be a b l e  t o  es t im-  
a t e  t h e  s p e c i f i c  y i e l d  from d a t a  on g r a i n  s i z e .  I f  s o ,  t h e s e  e s t i m a t e s  c a n  
b e  v a l u a b l e  a d d i t i o n s  t o  t h e  few, more p r e c i s e ,  d a t a  c o l l e c t e d  by o t h e r  
means. 
To estimate t h e  s p e c i f i c  y i e l d  of an  unconf ined  a q u i f e r  (or  a cover ing  con-  
f i n i n g  l a y e r )  f rom a v a i l a b l e  bore  o r  w e l l  l o g s ,  one fo l lows  t h e  same pro-  
cedure  a s  o u t l i n e d  i n  F igu re  2.18. Orders  of  magni tude f o r  s p e c i f i c  y i e l d  
o f  d i f f e r e n t  m a t e r i a l s  a r e  (Table  2 .3 ) :  
Tab le  2.3 Orders  of magni tude and r a n g e s  f o r  s p e c i f i c  y i e l d  of d i f f e r e n t  
m a t e r i a l s  ( a f t e r  Mor r i s  and Johnson 1967)  
Type of m a t e r i a l  S p e c i f i c  y i e l d  ( p e r  c e n t )  
Range Me an  
Coarse  g r a v e l  
Medium g r a v e l  
F i n e  g r a v e l  
Coarse  sand 
Medium sand 
F i n e  sand 
S i l t  
C 1  a y  
Loess  
E o l i a n  sand 
Tuff  
Sands tone  ( f i n e )  
13 - 25 
17 - 44 
13 - 40 
18 - 43 
16 - 46 
1 - 46 
1 - 39 
1 - 18 
14 - 22 
32 - 47 
2 - 47 














Sands tone  (medium) 12 - 41 27 
S i 1  t s tone  1 - 33 12 
Note t h a t  f o r  a l l  t h e  c o n t r o l  p o i n t s  i n  t h e  area a weighted mean s p e c i f i c  
y i e l d  should  be c a l c u l a t e d  f o r  t h e  zone i n  which t h e  w a t e r t a b l e  f l u c t u a t e s  
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o r  i s  expected t o  f l u c t u a t e  i n  t h e  f u t u r e .  To be  on t h e  s a f e  s i d e ,  one 
should  make t h e  c a l c u l a t i o n s  from t h e  l and  s u r f a c e  down t o  some IO t o  15 m 
below t h e  p r e s e n t  mean w a t e r t a b l e  e l e v a t i o n .  
Estimating storage coefficient 
The s t o r a g e  c o e f f i c i e n t  of a conf ined  o r  semi-confined a q u i f e r  cannot be 
de r ived  from g r a i n  s i z e  d a t a ,  bu t  i s  u s u a l l y  de te rmined  .from f i e l d  tes t  
d a t a  ( a q u i f e r  t e s t s ) .  S ince  t h e  s t o r a g e  c o e f f i c i e n t  i s  a f u n c t i o n  of t h e  
dep th  and t h i c k n e s s  of t h e  a q u i f e r ,  i t s  o r d e r  of magnitude can  a l s o  be 
e s t ima ted ,  u s i n g  t h e  fo l lowing  e q u a t i o n :  
S = 1.8 x 10-6(d -d ) + 8.6 x 1 0 - 4 ( d 0 ' 3 - d 0 ' 3  1 
2 1  2 1 
( 2 . 1 2 )  
where d and d a r e  t h e  dep ths  of t h e  upper and lower s u r f a c e  of t he  
a q u i f e r  below ground s u r f a c e ,  r e s p e c t i v e l y  (van d e r  Gun 1979) .  S can be 
e s t ima ted  from F igure  2 . 2 1 .  
The l o g s  of a l l  e x i s t i n g ,  f u l l y  p e n e t r a t i n g  w e l l s  and bores  can thus  be 
used t o  e s t i m a t e  t h e  s t o r a g e  c o e f f i c i e n t  o f  conf ined  and semi-confined 
a q u i f e r s .  These d a t a ,  t o g e t h e r  wi th  t h e  d a t a  on s t o r a g e  c o e f f i c i e n t s  
de r ived  from a q u i f e r  t e s t s ,  a r e  p l o t t e d  on a map and l i n e s  of equal  s t o r a g e  
c o e f f i c i e n t  a r e  d r a m .  
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Note: In  t h e  above d i s c u s s i o n  w e  have emphasized t h e  e f f o r t s  t h a t  should be 
made t o  o b t a i n  a s  complete a p i c t u r e  of  t h e  magnitude and s p a t i a l  d i s t r i b u -  
t i o n  of t h e  a q u i f e r  c h a r a c t e r i s t i c s  as p o s s i b l e .  Owing t o  t h e  g e o l o g i c a l  
complexity o f .  most a q u i f e r s  and t o  t h e  i n a c c u r a c i e s  involved when app ly ing  
t h e  methods we have d e s c r i b e d ,  t h e  p i c t u r e  w i l l  never  be comple te ,  no r  can 
t h e  va lues  of t h e  a q u i f e r  c h a r a c t e r i s t i c s  be p r e c i s e .  One should t h e r e f o r e  
n o t  be s u r p r i s e d ,  when c a l i b r a t i n g  t h e  model, t o  f i n d  t h a t  even t h e  b e s t  
maps of hydrau l i c  c o n d u c t i v i t y ,  s t o r a g e  c o e f f i c i e n t ,  and s p e c i f i c  y i e l d  
need ad jus tment .  The h y d r o g e o l o g i s t ' s  main t a s k  i s  t h e r e f o r e ,  t o  de te rmine  
t h e  o rde r  of magnitude of t h e s e  parameters  i n  d i f f e r e n t  p a r t s  of t h e  b a s i n  
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and,  on t h e  b a s i s  of a p rope r  knowledge of  t h e  l i t h o l o g i c a l  v a r i a t i o n s  
w i t h i n  an a q u i f e r  and i t s  c o n f i n i n g  l a y e r ,  i f  p r e s e n t ,  t o  i n d i c a t e  t h e  
range  w i t h i n  which t h e  parameter  v a l u e s  may v a r y .  A s  shown i n  Table  2 . 3 ,  
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F i g .  2 .21  C o e f f i c i e n t  of  e l a s t i c  s t o r a g e  a s  a f u n c t i o n  of  a q u i f e r  t h i c k n e s s  
( D )  and dep th  ( d l )  below t h e  a q u i f e r  s u r f a c e .  Nomograph based on Eq. 2.12  
( a f t e r  van d e r  Gun 1979)  
2 . 3  Hydrological stress 
Hydro log ica l  s tress e x e r t e d  on a groundwater  b a s i n  
of r a i n f a l l  and /o r  i r r i g a t i o n  w a t e r ,  from stream-bed p e r c o l a t i o n ,  evapo- 
t r a n s p i r a t i o n ,  groundwater  d i s c h a r g e  by s t reams and s p r i n g s ,  and pumping 
- from t h e  i n f i l t r a t i o n  
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from we l l s  - i s  r e f l e c t e d  i n  t h e  c o n f i g u r a t i o n  and f l u c t u a t i o n  of t h e  
w a t e r t a b l e  in  t h e  bas in .  A s  p a r t  of t h e  hydrogeologica l  i n v e s t i g a t i o n s ,  a 
w a t e r t a b l e  survey  should t h e r e f o r e  be made. 
The development of a groundwater b a s i n  model r e q u i r e s  t h a t  s u f f i c i e n t  and 
r e l i a b l e  d a t a  on t h e  w a t e r t a b l e  be  a v a i l a b l e  because t h e  model i s  c a l i -  
b r a t e d  by " h i s t o r y  matching". Th i s  means t h a t  computed w a t e r t a b l e  e l e v -  
a t i o n s  a r e  compared wi th  a c t u a l l y  measured ones.  The c o l l e c t i o n  and eva lu -  
a t i o n  of w a t e r t a b l e  d a t a  i s  t h e r e f o r e  an  important p a r t  of groundwater 
b a s i n  modelling. 
2 . 3 .  I Water tab le  e l e v a t i o n  
To s tudy  the  magnitude and d i s t r i b u t i o n  o f  t he  hydrau l i c  head i n  a b a s i n ,  
an appropr i a t e  network of obse rva t ion  w e l l s  and/or  p iezometers  must be 
e s t a b l i s h e d  throughout t h e  bas in  and a l o n g  i t s  boundar ies .  The number and 
spac ing  of t h e  w e l l s  and p iezometers  depends on the  s i z e  and hydrogeo- 
l o g i c a l  c o n d i t i o n s  of t h e  b a s i n ,  and on t h e  type  of problem t h a t  i s  t o  be  
s t u d i e d .  
For confined and unconfined a q u i f e r s ,  se t s  of s i n g l e  obse rva t ion  w e l l s  w i l l  
s u f f i c e ,  bu t  f o r  semi-confined a q u i f e r s ,  s e t s  of double obse rva t ion  w e l l s  
o r  piezometers are needed: one s e t  i n  t h e  a q u i f e r  and one set  i n  t h e  
cover ing  poor ly  permeable l a y e r .  
In  s e l e c t i n g  proper  s i t e s  f o r  o b s e r v a t i o n  w e l l s ,  one m u s t  c o n s i d e r  v a r i -  
a t i o n s  i n  a q u i f e r  t h i c k n e s s ,  l a t e r a l  and v e r t i c a l  v a r i a t i o n s  i n  t h e  aqu i -  
f e r ' s  l i t h o l o g y ,  and the  s t r u c t u r a l  deformat ion  of t h e  a q u i f e r ,  if any. 
More obse rva t ion  we l l s  t han  e l sewhere  are needed i n  l o c a l  r echa rge  a r e a s  
( e .g .  i r r i g a t e d  a r e a s ) ,  i n  l o c a l  d i s c h a r g e  a r e a s  (e .g .  a r e a s  where ground- 
water  i s  a b s t r a c t e d  from w e l l s ) ,  and i n  a r e a s  where abrupt  changes i n  
hydrau l i c  g r a d i e n t  occur (e .g .  n e a r  a f a u l t ) .  Spec ia l  obse rva t ion  w e l l s  a r e  
needed t o  s p e c i f y  the  c o n d i t i o n s  a t  t he  a q u i f e r ' s  boundar ies .  Gauging 
s t a t i o n s  i n  s u r f a c e  water cour ses  and s u r f a c e  water  bodies  ( l a k e s ,  s e a s ,  
and oceans) should  be e s t a b l i s h e d  and inc luded  'in t h e  network. 
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Once t h e  network of o b s e r v a t i o n  w e l l s  h a s  been e s t a b l i s h e d ,  t h e  water 
l e v e l s  i n  a l l  t h e  w e l l s  should  be measured a t  l e a s t  once a month and f o r  a t  
l e a s t  one year .  P r e f e r a b l y  t h e  measurements should ex tend  over two o r  more 
y e a r s .  For  s p e c i f i c ,  l o c a l  problems, more f r equen t  water l e v e l  r ead ings  may 
b e  r e q u i r e d ,  say  weekly o r  even d a i l y .  
The wa te r  l e v e l  d a t a  a r e  used  t o  draw t h e  fo l lowing  maps: 
wa te r t ab le -con tour  map 
dep th - to -wa te r t ab lemap  
head-d i f fe rence  map ( i f  a p p l i c a b l e ) .  
w a t e r t  ab le -c  hange map 
To s t a r t  t h e  computer c a l c u l a t i o n s ,  one must know t h e  i n i t i a l  w a t e r t a b l e  
e l e v a t i o n s  throughout t he  b a s i n .  For t h i s  purpose a water tab le-contour  map 
a t  t h e  s t a r t i n g  d a t e  of t h e  c a l c u l a t i o n s  must be made. To c a l i b r a t e  t h e  
model, such maps a r e  a l s o  needed f o r  each s u c c e s s i v e  t ime u n i t  chosen f o r  
mode l l ing .  I f  t h e  t ime u n i t  i s  a month, monthly water tab le-contour  maps 
o v e r  t h e  whole c a l c u l a t i o n  pe r iod  are needed. 
To e x p l a i n  any anomalies in  h y d r a u l i c  g r a d i e n t s  and any groundwater mounds 
and d e p r e s s i o n s ,  t h e  w a t e r t a b l e  con tour  map should be s t u d i e d  i n  combina- 
t i o n  w i t h  t h e  g e o l o g i c a l  d a t a .  Any human a c t i v i t i e s  t h a t  may a f f e c t  t h e  
w a t e r t a b l e  should a l s o  be t aken  i n t o  account .  
For  a semi-confined a q u i f e r ,  two wa te r t ab le -con tour  maps must be drawn: one 
f o r  t h e  a q u i f e r ,  and one f o r  t h e  cove r ing  l a y e r .  
Although n o t  r e q u i r e d  f o r  t h e  model, maps of t h e  depth- to-water tab le ,  
w a t e r t a b l e  f l u c t u a t i o n s ,  and head-d i f f e rences  can p rov ide  a va luab le  
i n s i g h t  i n t o  t h e  hydrogeo log ica l  c o n d i t i o n s  of t h e  b a s i n  and i t s  ground- 
w a t e r  regime. 
Note. Our model i s  based on t h e  assumption t h a t  t h e  a q u i f e r  t o  be modelled 
c o n t a i n s  f r e s h  water whose mass d e n s i t y  i s  approximate ly  t h e  same through- 
o u t  t h e  a q u i f e r .  V a r i a t i o n s  i n  mass d e n s i t y ,  which may occur i n  both  
h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s  cannot be s imula t ed  by t h e  model. 
Groundwater d e n s i t y  i s  a f u n c t i o n  of s a l i n i t y  and tempera ture .  To de te rmine  
t h e  s a l i n i t y  of t h e  groundwater,  water samples a r e  t aken  i n  a number of 
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r e p r e s e n t a t i v e  o b s e r v a t i o n  w e l l s  and p i e z o m e t e r s  p l aced  a t  d i f f e r e n t  
d e p t h s ,  and t h e i r  t o t a l  d i s s o l v e d  s o l i d s  c o n t e n t  o r  e l e c t r i c a l  c o n d u c t i v i t y  
i s  de te rmined .  G e o e l e c t r i c a l  p r o s p e c t i n g  can  be  a v a l u a b l e  a d d i t i o n  t o  
t h e s e  f i n d i n g s .  The r e s u l t s  o b t a i n e d  shou ld  b e  p l o t t e d  on a map, and l i n e s  
o f  equa l  t o t a l  d i s s o l v e d  s o l i d s  c o n t e n t  o r  e l ec t r i ca l  c o n d u c t i v i t y  are t h e n  
drawn. I f  t h e s e  maps r e v e a l  g r e a t  v a r i a t i o n s  i n  s a l i n i t y ,  i t  w i l l  n o t  b e  
p o s s i b l e  t o  deve lop  t h e  model. 
It may happen, however, t h a t  t h e  groundwater  i n  t h e  major  p a r t  o f  t h e  b a s i n  
i s  f r e s h ,  b u t  s a l t y  i n  a minor p a r t  o r  a l o n g  t h e  boundary. To compile  a 
con tour  map of  t h e  w a t e r t a b l e  o r  p o t e n t i o m e t r i c  s u r f a c e ,  t h e  wa te r  l e v e l  
r e a d i n g s  from o b s e r v a t i o n  we l l s  and p i e z o m e t e r s  p l aced  i n  t h e  s a l t y  ground-  
wa te r  must be c o r r e c t e d  f o r  t h e  d i f f e r e n c e  i n  m a s s  d e n s i t y .  For h o r i z o n t a l  
f l ow t h e  p r e s s u r e  d i s t r i b u t i o n  i n  t h e  water i s  h y d r o s t a t i c .  I f  t h e  i n t e r -  
f a c e  between f r e s h  and s a l t  water i s  s h a r p  and we assume a h o r i z o n t a l  
r e f e r e n c e  l e v e l  c o i n c i d i n g  wi th  t h e  bot tom of  t h e  p iezometers  ( z  = O ) ,  w e  
can conve r t  t h e  water  l e v e l  h of t h e  p i ezomete r  i n  t h e  s a l t y  groundwater  
w i t h  a mass d e n s i t y  p i n t o  a water l e v e l  f o r  t h e  f r e s h  water wi th  mass 
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F i g .  2 .22  Aqui fer  w i th  f r e s h  and sa l t  groundwater  w i th  a s h a r p  i n t e r f a c e  
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2 . 3 . 2  Type and e x t e n t  of r echa rge  a r e a s  
Es t ima t ing  t h e  r echa rge  of an a q u i f e r  forms a b a s i c  p a r t  of any groundwater 
s t u d y ,  and it i s  no t  t h e  e a s i e s t  p a r t .  T h e . d i f f i c u l t y  i s  t h a t  t h e  p rocess  
by which r a i n f a l l  o r  s u r f a c e  wa te r  i n f i l t r a t e s  i n t o  t h e  s o i l ,  moves down- 
ward through t h e  u n s a t u r a t e d  zone, and e v e n t u a l l y  j o i n s  t h e  groundwater a s  
"deep p e r c o l a t i o n "  i s  n o t  w e l l  unders tood .  In  a r i d  zones ,  where r a i n f a l l  i s  
s c a n t y  and i r r e g u l a r l y  d i s t r i b u t e d  i n  space and t ime ,  t h e  problem t akes  on 
even l a r g e r  dimensions than  i n  humid zones.  
.- 
The type  and e x t e n t  of  r echa rge  a r e a s  and t h e  sou rces  of r echa rge  should 
f i r s t  be de te rmined .  Although t h e y  w i l l  d i f f e r  f o r  d i f f e r e n t  t ypes  of aqu i -  
f e r s ,  t h e  main f a c t o r s  govern ing  t h e  r echa rge  of a l l  a q u i f e r s  are topogra- 
phy, s u r f a c e  geology, and c l i m a t e .  
Confined aqui fers ,  a s  occur  i n  deep downwarped b a s i n s ,  a r e  u s u a l l y  recharged  
a l o n g  t h e  r i m  o f  t h e  b a s i n  where t h e  format ions  c o n t a i n i n g  t h e  a q u i f e r  o u t -  
c r o p  on t h e  s u r f a c e .  A p o r t i o n  of t h e  r a i n  t h a t  f a l l s  on t h e s e  ou tc rops  i n -  
f i l t r a t e s  and j o i n s  t h e  groundwater.  Aer i a l  photographs can be used t o  de- 
l i n e a t e  t h e s e  o u t c r o p s  and t o  de t e rmine  t h e i r  a r e a l  e x t e n t .  A f i e l d  survey  
i s  needed t o  s p e c i f y  t h e  t y p e s  of rock  o r  sediments t h a t  make up t h e  o u t -  
c r o p s .  Bes ides  p e r c o l a t i o n  of r a i n f a l l ,  o t h e r  sou rces  of r echa rge  can be  
stream-bed p e r c o l a t i o n  and s u r f a c e  runoff  from a d j a c e n t  h i l l y  t e r r a i n .  The 
amounts of deep p e r c o l a t i o n  of each  component should be s p e c i f i e d  e i t h e r  by 
t a k i n g  d i r e c t  measurements o r  - as i s  u s u a l l y  done - by de termining  t h e  
deep  p e r c o l a t i o n  as t h e  r e s i d u a l  of t h e  amounts of s u r f a c e  water  supply ,  
u s e ,  and d i scha rge .  R e l a t i v e l y  sma l l  e r r o r s  i n  t h e s e  amounts, however, may 
cause  l a r g e  e r r o r s  i n  t h e  e s t i m a t e d  deep p e r c o l a t i o n  because  deep pe rco la -  
t i o n  c o n s t i t u t e s  o n l y  a smal l  p r o p o r t i o n  of t h e  s u r f a c e  water  supply ,  u s e ,  
and d i scha rge .  
Another source  of r e c h a r g e  t o  conf ined  a q u i f e r s  may be water mig ra t ing  
through c o n f i n i n g  l a y e r s  w i t h i n  t h e  b a s i n .  Few c o n f i n i n g  l a y e r s  a r e  t r u l y  
impermeable, u n l e s s  t h e y  l i e  a t  g r e a t  depth  and a r e  t h i c k  and s t r o n g l y  com- 
p a c t e d  by a t h i c k  overburden. 
Other  r echa rge  zones occur  i n  t h e  v i c i n i t y  of p o s i t i v e  r e l i e f  f e a t u r e s  
( i n t e r f l u v e s ,  h igh  grounds ,  mountain fo rma t ions ) .  These zones are c h a r a c t e r -  
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i zed  by a convexi ty  of t he  a q u i f e r ' s  p i ezomet r i c  s u r f a c e  and by water 
p r e s s u r e s  t h a t  d iminish  wi th  dep th ,  t he reby  i n d i c a t i n g  t h e  e x i s t e n c e  of 
downward flow through unde r ly ing  poor ly  permeable c o n f i n i n g  l a y e r s .  
Hence,-..to d e l i n e a t e  and ,  spec i f ,y  recharge  zones , not  on ly  a e r i a l  photographs  
should be s t u d i e d ,  bu t  a l s o  t h e  p iezometr ic  s u r f a c e  i n  r e l a t i o n  t o  t h e  re- 
l i e f  and the  exchange of water through c o n f i n i n g  l a y e r s .  I f  
of w a t e r  occu r s ,  t h e  a q u i f e r  i s  no t  t r u l y  conf ined ,  bu t  i s  
conf ined .  
Unconfined aqui fers  with a deep w a t e r t a b l e  a r e  recharged  by 
l a t i o n ,  stream-bed p e r c o l a t i o n  and, i n  i r r i g a t e d  a r e a s  , irr  
such an exchange 
ns tead  semi- 
r a i n f a l l  perco-  
g a t i o n  p e r c o l a -  
t i o n  (pe rco la t ion  from t h e  c a n a l  system and from the  f i e l d s ) .  Here t o o ,  t h e  
convexi ty  of t h e  wa te r t ab le  under stream channe l s ,  main i r r i g a t i o n  c a n a l s ,  
and i r r i g a t e d  f i e l d s  i s  proof of such r echa rge  (Fig.  2 . 2 3 ) .  
height  - 
E 
I- 
c L L  
Fig .  2 .23  Example of a l o s i n g  stream. 
Watertable-contour map. 
Cross-section over  stream v a l l e y ;  convex w a t e r t a b l e  under s t ream channel  
due t o  p e r c o l a t i o n  from s t ream bed. 
The su r face  o f  an unconfined a q u i f e r  i s  seldom e n t i r e l y  f l a t .  I n s t e a d  i t  
shows minor and sometimes major r e l i e f  f e a t u r e s  such a s  i n t e r f l u v e s ,  sand 
r i d g e s ,  and sand h i l l s .  I n  unconfined a q u i f e r s  wi th  r e l a t i v e l y  sha l low 
w a t e r t a b l e s ,  t h e s e  high grounds a r e  t h e  recharge  a r e a s .  
5 3  
C h a r a c t e r i s t i c  of t h e s e  r echa rge  a r e a s  a r e  t h e  convex i ty  o f  t h e  w a t e r t a b l e  
and r e l a t i v e l y  l a r g e  w a t e r t a b l e  f l u c t u a t i o n s  (F ig .  2 . 2 4 ) ,  and a l s o  a low 
s a l t  c o n t e n t  of t h e  groundwater and a n  anomalous tempera ture  g r a d i e n t  i n  
t h e  groundwater.  In  t h e  tempera te  zones wi th  excess  r a i n  in  t h e  cool  
s e a s o n s ,  f o r  example, r echa rge  a r e a s  a r e  c h a r a c t e r i z e d  by "too low" a 
t empera tu re  i n  t h e  zone where the  annual  tempera ture  wave i s  n e g l i g i b l e ,  
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F i g .  2 . 2 4  S e c t i o n  through an undu la t ing  sandy a r e a  showing average  summer 
and w i n t e r  w a t e r t a b l e s  and t h e  co r re spond ing  water  l e v e l s  i n  brooks and 
r i v u l e t s  ( E r n s t  e t  a l .  1970) .  
Curve 1 : December 1965 
Curve 2 :  Average w i n t e r  l e v e l  
Curve 3 :  September 1965 
Curve 4 :  Average summer l e v e l  
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2.3.3 Rate  of  r echa rge  
I S eve ra l  methods can be  used t o  estimate t h e  r e c h a r g e  of unconf ined  a q u i -  
f e r s .  (Some of t h e s e  methods can  a l s o  be  used on t h e  o u t c r o p s  o f  conf ined  
a q u i f e r s .  ) 
Groundwater flow 
The f i r s t  method i n v o l v e s  a s tudy  o f  t h e  groundwater  f low.  Some a q u i f e r s  
a r e  d r a i n e d  by s p r i n g s .  Measuring t h e  d i s c h a r g e  o f  t h e  s p r i n g s  g i v e s  an  
i n d i c a t i o n  of t h e  r echa rge .  I f  most o f  t h e  r e c h a r g e  o c c u r s  j u s t  ups t ream of 
an  a q u i f e r ,  Darcy ' s  formula  can be  used t o  c a l c u l a t e  t h e  groundwater  f low 
through a s e c t i o n  of t h e  a q u i f e r  downstream of  t h e  r e c h a r g e  area: 
dh 
dx Q = KD - B n ( 2 . 1 4 )  
1 where 
I Q = t h e  f low over  a pe r iod  of  n days  
dh/dx  = t h e  h y d r a u l i c  g r a d i e n t  
B = t h e  wid th  of t h e  s e c t i o n  
An advantage  of t h i s  method i s  t h a t  i t  cove r s  a l l  r e c h a r g e  f rom r a i n f a l l  
and p e r c o l a t i n g  s u r f a c e  water from streams and water c o u r s e s  and can b e  
used f o r  bo th  conf ined  and unconfined a q u i f e r s .  Seasonal  v a r i a t i o n s  i n  Q 
a r e  i n  accordance w i t h  seasona l  v a r i a t i o n s  i n  t h e  h y d r a u l i c  g r a d i e n t .  Of 
cour se ,  t o  app ly  t h i s  method one must have an a c c u r a t e  w a t e r t a b l e - c o n t o u r  
map and a c c u r a t e  d a t a  on the  t r a n s m i s s i v i t y  o f  t h e  a q u i f e r .  
Rainfall-watertable relation 
The second method i n v o l v e s  t h e  e l a b o r a t i o n  of d a t a  on r a i n f a l l  and /o r  
i r r i g a t i o n  water  supply ,  and d a t a  on t h e  seasona l  v a r i a t i o n s  i n  w a t e r t a b l e .  
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AS t h i s  method r e f e r s  t o  r echa rge  a t  t h e  s u r f a c e  o n l y ,  it cannot  be used 
f o r  t r u l y  conf ined  a q u i f e r s ,  excep t  a t  t h e i r  o u t c r o p s  a l o n g  t h e  r i m  o f  t h e  
b a s i n .  I f  t h e  w a t e r t a b l e  i s  r e l a t i v e l y  deep and t h e r e  i s  a seasona l  re- 
cha rge  from r a i n f a l l  ( o r  i r r i g a t i o n ) ,  t h e  w a t e r t a b l e  w i l l  f l u c t u a t e  as 
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F i g .  2 . 2 5  Computation of  annual  r echa rge  from seasona l  v a r i a t i o n s  i n  w a t e r -  
t a b l e  due t o  r a i n f a l l  o r  i r r i g a t i o n  
The a n n u a l  r ise  i n  w a t e r t a b l e  ( r )  i s  p l o t t e d  a g a i n s t  t h e  co r re spond ing  an- 
n u a l  r a i n f a l l  ( P ) ,  so t h a t  an ave rage  r e l a t i o n s h i p  between t h e  two quan- 
t i t i e s  i s  e s t a b l i s h e d .  E x t r a p o l a t i n g  t h e  s t r a i g h t  l i n e  u n t i l  i t  i n t e r s e c t s  
t h e  a b s c i s  g i v e s  t h e  amount of r a i n f a l l  ( o r  i r r i g a t i o n  w a t e r )  below which 
t h e r e  i s  no r echa rge .  Any q u a n t i t y  less t h a n  t h i s  amoupt i f  l o s t  by evapo-  
t r a n s p i r a t i o n  and r u n o f f .  
Runoff hydrograph 
A t h i r d  method i n v o l v e s  t h e  e l a b o r a t i o n  of  d a t a  on d i s c h a r g e  measurements 
of streams. A graph  showing t h e  d i s c h a r g e  w i t h  r e s p e c t  t o  t i m e  i s  c a l l e d  a 
hydrograph .  Any hydrograph  can  be rega rded  a s  a hydrograph  o f  s u r f a c e  
r u n o f f  superposed  on a hydrograph of  groundwater  f low.  To s e p a r a t e  t h e  t w o ,  
Gray (1970)  d e s c r i b e s  s e v e r a l  methods. Although such  s e p a r a t i o n s  are 
somewhat a r b i t r a r y  and a r t i f i c i a l ,  t h e i r  r e s u l t s  are more r e l i a b l e  t h a n  
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o the rwise  when app l i ed  t o  f low reg ions  w i t h  d i s t i n c t l y  a l t e r n a t i n g  w e t  and 
d r y  pe r iods .  F igu re  2.26 shows such a s i t u a t i o n .  
I I I 
d rY wet period Ip. dry period,  n\ wet 
F i g .  2 . 2 6  The use  of stream f low-deple t ion  curves i n  a s s e s s i n g  groundwater 
s t o r a g e  
The do t t ed  area r e p r e s e n t s  t h e  groundwater ou t f low o r i g i n a t i n g  from t h e  
p rev ious  wet p e r i o d ;  t h i s  f low slowly d e c r e a s e s ,  be ing  Q a t  t h e  s t a r t  of 
t h e  next  w e t  pe r iod  and Q a t  t h e  end of t h a t  pe r iod .  Because of t h e  
groundwater r echa rge  i n  t h e  w e t  pe r iod ,  t h e  groundwater ou t f low i n c r e a s e s .  
The amount of r echa rge  i s  equa l  t o  the  sum of t h e  double  ha t ched  a r e a  
( r e p r e s e n t i n g  t h e  a d d i t i o n a l  groundwater outflow d u r i n g  t h e  w e t  p e r i o d )  and 
t h e  s i n g l e  ha tched  a r e a  ( r e p r e s e n t i n g  t h e  a d d i t i o n a l  groundwater o u t f l o w  i n  
t h e  next  d ry  p e r i o d ) .  The a d d i t i o n a l  ou t f low i n  t h i s  d r y  p e r i o d  i s  caused 
by t h e  i n c r e a s e  i n  groundwater s t o r a g e  d u r i n g  t h e  wet p e r i o d .  I f  a l i n e a r  
r e l a t i o n  between groundwater ou t f low and groundwater s t o r a g e  i s  assumed, 
expressed  by: 
1 
2b 
Q = a S  ( 2 . 1 5 )  
t h e  inc rease  i n  groundwater s t o r a g e  can b e  i n d i c a t e d  by Q la.  The v a l u e  of 
a can  be d e r i v e d  from t h e  s l o p e  of t he  d e p l e t i o n  curve  (which i s  t h e  t a i l  
end of a hydrograph) drawn on semi- logar i thmet ic  paper .  The r e c h a r g e  of  t h e  
groundwater t h u s  equa l s  t h e  double  ha t ched  a r e a  p l u s  Q l a .  
za  
za 
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Lysimeters 
A f o u r t h  method involves  l y s i m e t e r  s t u d i e s .  A disadvantage  of l y s ime te r s  i s  
t h a t  they  r e q u i r e  n a t u r a l  s o i l  b locks  t o  be c o l l e c t e d  from d i f f e r e n t  
r echa rge  areas. Moreover, t h e  r echa rge  measured from l y s i m e t e r s  r e f e r s  on ly  
t o  t h e  r echa rge  from r a i n f a  
r e c h a r g e ,  e .g .  from l a t e r a l  
i n t o  account .  
Tensiometers 
1 on t h e  s o i l  s u r f a c e .  Any o t h e r  source  of 
o r  upward in f low of groundwater,  i s  no t  taken  1 
I 
t o  2 m of t h e  s o i l  p r o f i l e .  A s  t he  r e s u  
t o  a smal l  a r e a ,  many i n s t a l l a t i o n s  are 
c h a r g e  a r e a .  
A f i f t h  method measures r echa rges  by t ens iomete r s  i n s t a l l e d  i n  t h e  upper 1 
~ 
I Y on ly  r e -  t s  obta ined  i n  t h  r equ i r ed  t o  cove r  s way aPP an e n t i r e  
Is0 topes 
A s i x t h  method inc ludes  t h e  t r  
a dep th  of about 70 cm, b e f o r e  
tium t agg ing  method. T r  
t h e  commencement of t h e  
t ium i s  i n j e c t e d ,  a t  
r a i n y  season. The 
i n j e c t i o n  s i t e s  are s e l e c t e d  on the  b a s i s  of geology, topography, d ra inage  
p a t t e r n ,  and s o i l  type .  A f t e r  t he  r a i n y  season ,  s o i l  c o r e  samples a r e  t aken  
and t h e  v a r i a t i o n  i n  t r i t i u m  a c t i v i t y  and moi s tu re  c o n t e n t  with depth are 
measured. T h i s  a l lows  the  t r a c e r  movement t o  be e s t i m a t e d  and t h e  recharge  
t o  b e  c a l c u l a t e d  (Athavale e t  a l .  1980).  
Stream fZow 
I n  s t reams and water  cour ses  whose water  l e v e l s  a r e  h i g h e r  than t h e  water- 
t a b l e  i n  t h e  ad jacen t  l a n d ,  one can o b t a i n  an i d e a  of t h e  amount of water 
t h a t  t h e s e  streams l o s e  t o  t h e  underground by measuring t h e  flow i n  d i f f e r -  
e n t  s e c t i o n s  of t h e  stream. The d i f f e r e n c e  i n  flow between two measuring 
. 
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p o i n t s  i n d i c a t e s  t h e  amount of  water l o s t  i n  t h e  t r a c t  between t h o s e  two 
p o i n t s .  
2 . 3 . 4  Type and e x t e n t  of d i s c h a r g e  areas 
Discharge  a r e a s  are a r e a s  where t h e  a q u i f e r  l o s e s  wa te r  by ove r f low,  
evapora t ion ,  d i v e r s i o n ,  m i g r a t i o n  through c o n f i n i n g  l a y e r s ,  and pumpage. A 
s tudy  of  t opograph ica l  maps and a e r i a l  photographs ,  i n  a d d i t i o n  t o  f i e l d  
su rveys ,  w i l l  be  of g r e a t  h e l p  i n  de t e rmin ing  t h e  type  of d i s c h a r g e  a r e a s  
and i n  d e l i n e a t i n g  them. 
The over f low may appea r  a s  s p r i n g s  o r  as g e n e r a l  groundwater  o u t f l o w  t h a t  
c o n t r i b u t e s  t o  t h e  f low of s t reams and o t h e r  n a t u r a l  o r  a r t i f i c i a l  water 
cour ses  (F igs .  2 . 2 7  and 2 . 2 8 ) .  
Fig .  2 . 2 7  Two t y p e s  o f  s p r i n g s .  The f a u l t  a c t s  as a b a r r i e r  t o  groundwater  
f low 
2 . 3 . 5  Rate  of d i s c h a r g e  
Springs 
Spr ings  a r e  t h e  most obvious  form of  groundwater  d i s c h a r g e .  They occur  i n  
a l l  s i z e s ,  from small t r i c k l e s  t o  l a r g e  s t r eams .  The i r  occu r rence  i s  
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governed  by l o c a l  h y d r o g e o l o g i c a l  c o n d i t i o n s .  Some s p r i n g s  have  a f a i r l y  
c o n s t a n t  d i s c h a r g e ,  b u t  most of  them have v a r i a b l e  d i s c h a r g e s :  h i g h  d u r i n g  
and  a f t e r  r a i n ,  low o r  n i l  i n  t h e  d r y  s e a s o n .  Some a q u i f e r s  l o s e  water  
t h r o u g h  l a r g e  o f f - s h o r e  s p r i n g s ,  e . g .  a q u i f e r s  on t h e  i s l a n d  o f  C r e t e  and 
o t h e r  c o a s t a l  a q u i f e r s  a l o n g  t h e  M e d i t e r r a n e a n  Sea.  To d e t e r m i n e  t h e  t o t a l  
q u a n t i t y  o f  groundwater  d i s c h a r g e d  by s p r i n g s ,  r e g u l a r  measurements  of  
t h e i r  f l o w s  must be t a k e n ,  s a y  month ly  o r  s e a s o n a l l y .  
Stream-base-fZow/watertabZe relation 
I n  s h a l l o w  w a t e r t a b l e  a r e a s  c o n s i d e r a b l e  q u a n t i t i e s  of groundwater  are d i s -  
c h a r g e d  by seepage  i n t o  streams and smaller n a t u r a l  d r a i n a g e  c h a n n e l s  ( F i g .  
2 . 2 8 ) .  Seepage  of  groundwater  i n t o  a s t r e a m  o c c u r s  when t h e  w a t e r t a b l e  ad-  
j a c e n t  t o  t h e  stream i s  h i g h e r  t h a n  t h e  water l eve l  i n  t h e  stream. 
The groundwater  d i s c h a r g e  towards  stream c h a n n e l s  c a n  a l s o  b e  e s t i m a t e d  
f r o m  the  s e p a r a t i o n  o f  hydrographs  ( S e c t i o n  3 . 3 ) .  Here one f o c u s e s  n o t  on 
f l o o d  h y d r o g r a p h s ,  which  show s h o r t  h i g h - i n t e n s i t y  r a i n f a l l s ,  b u t  on t h e  
d e p l e t i o n  c u r v e  o f  h y d r o g r a p h s  d u r i n g  f a i r - w e a t h e r  p e r i o d s  when a l l  f l o w  t o  
streams i s  c o n t r i b u t e d  by groundwater  d i s c h a r g e .  Curves are t h e n  p r e p a r e d  
b y  p l o t t i n g  the mean w a t e r t a b l e  e l e v a t i o n s  w i t h i n  a b a s i n  a g a i n s t  t h e  
c o r r e s p o n d i n g  groundwater  d i s c h a r g e s  ( F i g .  2 . 2 9 ) .  
/ ,, , 
+ 7’ 7 
F i g .  2 .28  Unconfined a q u i f e r  d r a i n i n g  i n t o  a stream 
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meon wotertable 
depth ( m  below surface) 
- for period when ETis low 
for period when ETis great 
base flow (m3/sJ 
F i g .  2.29 Ra t ing  curve  of  mean w a t e r t a b l e  e l e v a t i o n  compared w i t h  b a s e  f low 
' I n  areas wi th  d i s t i n c t  h o t  and c o l d  seasons  two cu rves  w i l l  be o b t a i n e d ,  
' one f o r  t h e  hot  s eason  when e v a p o t r a n s p i r a t i o n  from groundwater  i s  h i g h ,  
and one f o r  t h e  c o l d  season  when e v a p o t r a n s p i r a t i o n  i s  so  low t h a t  i t  can  
be  n e g l e c t e d .  With t h e s e  r a t i n g  cu rves  and t h e  mean w a t e r t a b l e  d e p t h s  f o r  
one yea r ,  s u r f a c e  runoff  and b a s e  f low can be s e p a r a t e d  from a s t r e a m  ' hydrograph (F ig .  2 .30 ) .  
stream flow 
discharge (m3 /sJ  
I t 
time 
F i g .  2 .30 Streamflow hydrograph i n  which s u r f a c e  runof f  and b a s e  f low com- 
ponents  have been s e p a r a t e d  
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Evapotranspiration 
E v a p o t r a n s p i r a t i o n  i s  t h e  combined e f f e c t  o f  t h e  e v a p o r a t i o n  of wa te r  from 
m o i s t  s o i l  and t h e  t r a n s p i r a t i o n  of wa te r  by n a t u r a l  v e g e t a t i o n  and c u l t i -  
v a t e d  c rops .  Determining  t h e s e  wa te r  l o s s e s  t o  t h e  atmosphere i s  n o t  an 
e a s y  t a s k ;  c o o p e r a t i o n  wi th  an agronomis t  s p e c i a l i z e d  i n  t h e  s u b j e c t  may be  
n e c e s s a r y  t o  o b t a i n  r e l i a b l e  in fo rma t ion  on t h i s  d i s c h a r g e .  
F i r s t  of  a l l  it should be recognized  t h a t  many f a c t o r s  p l a y  a r o l e  i n  t h e  
e v a p o t r a n s p i r a t i o n  from a groundwater  b a s i n :  c l i m a t e ,  s o i l s ,  s o i l  water 
a v a i l a b i l i t y ,  s o i l  f e r t i l i t y ,  c rops  , c ropp ing  p a t t e r n  and i n t e n s i t y ,  
envi ronment  and exposure ,  c u l t i v a t i o n  p r a c t i c e s  and i r r i g a t i o n  methods. One 
must  t h e r e f o r e  compile  a l and  use  map i n d i c a t i n g  t h e  a r e a s  covered wi th  
n a t u r a l  v e g e t a t i o n  and c u l t i v a t e d  c r o p s ,  w a s t e  areas, b a r e  s o i l s ,  urban 
areas,  s u r f a c e  water b o d i e s ,  e t c .  S ince  t h e  water  consumption of v a r i o u s  
c r o p s  d i f f e r ,  a c rop  su rvey  must be made and a map compiled of  t h e  c ropp ing  
p a t t e r n .  A s o i l s  map and dep th - to -wa te r t ab le  maps f o r  t h e  growing season 
s h o u l d  a l s o  be made, i f  t h e y  are n o t  y e t  a v a i l a b l e .  E x i s t i n g  c l i m a t o l o g i c a l  ' 
d a t a  should  be c o l l e c t e d  and e v a l u a t e d .  
Because of  t h e  d i f f i c u l t  and time-consuming p rocedures  involved  i n  ob ta in -  
i n g  d i r e c t  measurements of  water use  by c r o p s  and n a t u r a l  v e g e t a t i o n ,  a 
l a r g e  number of methods (more than  30) have been developed t o  c a l c u l a t e  
t h e s e  v a l u e s .  Among t h e s e  methods,  t h e  f o u r  most w ide ly  used a r e  t h o s e  of 
Blaney-Cr iddle ,  Penman, and t h e  r a d i a t i o n  and pan e v a p o r a t i o n  methods. The 
c h o i c e  of method depends p r i m a r i l y  on t h e  type  of c l i m a t i c  d a t a  a v a i l a b l e .  
It  i s  beyond t h e  scope of t h i s  book t o  d e s c r i b e  t h e s e  methods and we r e f e r  
t h e  r e a d e r  t o  Doorenbos and P r u i t t  (1977)  who g i v e  an  e x c e l l e n t  rev iew of 
them. 
I n  sha l low w a t e r t a b l e  areas, t h e  groundwater  c o n t r i b u t e s  t o  e v a p o t r a n s p i r -  
a t i o n  through c a p i l l a r y  r ise .  T h i s  d i s c h a r g e  i s  de termined  by t h e  depth  of  
t h e  groundwater  below t h e  r o o t  zone, t h e  c a p i l l a r y  and conduct ive  prop- 
e r t i e s  of  t h e  s o i l ,  and t h e  s o i l  water c o n t e n t  o r  s o i l  water t e n s i o n  i n  t h e  
r o o t  zone. A t  c e r t a i n  d e p t h s  below t h e  r o o t  zone,  depending  on t h e  type  of 
s o i l  and p rov ided  t h a t  impermeable l a y e r s  do  n o t  o c c u r ,  t h e  groundwater  
w i l l  c o n t r i b u t e  less than  1 mm/d t o  t h e  r o o t  zone. These dep ths  may be 
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2 -  
1 s i l t y  cloy 
2 loamy sond 
3 clay  
L peat 
5 c l a y  - 
6 humous loamy sond 
7 sandy loom 
8 f ine sandy loom 
9 very  fine sandy loom 
upward flow rote,  "/day 
F i g .  2 .31  C o n t r i b u t i o n  of groundwater  t o  t h e  r o o t  zone i n  mm/d f o r  d i f f e r -  
e n t  d e p t h s  o f  t h e  w a t e r t a b l e  below t h e  r o o t  zone and f o r  d i f f e r e n t  s o i l  
t y p e s  under  m o i s t  c o n d i t i o n s  ( s o i l  water t e n s i o n  o f  r o o t  zone a p p r o x i m a t e l y  
0 .5  atm.)  ( a f t e r  Doorenbos and P r u i t t  1 9 7 7 )  
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t a k e n  a t  a p p r o x i m a t e l y  50 t o  90 c m  f o r  c o a r s e  and heavy t e x t u r e d  s o i l s  and 
a b o u t  120 t o  200 c m  f o r  most medium t e x t u r e d  s o i l s  ( o p . c i t . ) .  F i g u r e  2.31 
shows t h e  upward ra te  o f  groundwater  f l o w  i n  mm/d f o r  d i f f e r e n t  d e p t h s  o f  
groundwater  below t h e  r o o t  zone and f o r  d i f f e r e n t  s o i l  t y p e s ,  u n d e r  t h e  
a s s u m p t i o n  t h a t  t h e  s o i l  i n  t h e  r o o t  zone i s  r e l a t i v e l y  m o i s t ,  i . e .  s o i l  
water  t e n s i o n  e q u a l s  a b o u t  0.5 a t m .  
In p r a c t i c e ,  p o t e n t i a l  e v a p o t r a n s p i r a t i o n  i s  o f t e n  e s t i m a t e d  f r o m  a measured  
o r  c a l c u l a t e d  e v a p o r a t i o n  ra te  from a f r e e  water s u r f a c e .  A s i m p l e  c o r r e l -  
a t i o n  be tween t h e  two i s  t h e n  assumed t o  e x i s t :  
E = f E  ( 2 . 1 6 )  
P 
where 
E = t h e  p o t e n t i a l  e v a p o t r a n s p i r a t i o n  r a t e  
E = t h e  e v a p o r a t i o n  from a f r e e  water s u r f a c e  
P 
The e m p i r i c a l  c o n v e r s i o n  f a c t o r  f depends  on t h e  r e f l e c t i v i t y  o f  t h e  c r o p ,  
on t h e  s e a s o n ,  t h e  c l imate ,  and t h e  s i z e  of  t h e  c ropped  area. I f  d i f f e r -  
e n c e s  i n  t h e  f a c t o r  f r e s u l t i n g  f rom p h y s i o l o g i c a l  v a r i a t i o n  o f  t h e  c r o p  
d u r i n g  the growing s e a s o n  are d i s r e g a r d e d ,  T a b l e  2 .4  c a n  be  used  as a f i r s t  
a p p r o x i m a t i o n .  
T a b l e  2 .4  V a l u e s  of  f ,  i n  E = f E ( a f t e r  v a n  d e r  Molen 1971)  
P 
Values  of  t h e  f a c t o r  f ,  i n  E = f E 
P 
Humid Arid o r  semi-ar id  
Crop t e m p e r a t e  t r o p i c a l  l a r g e  area s m a l l  ( l e s s  t h a n  1 h a )  
winter summer w i n t e r  summer summer 
Wet, a f t e r  r a i n  0 .9  1.0 1 .o  1.0 1.2 
o r  i r r i g a t i o n  
1.5 
S h o r t  g r a s s  0 .7  0.8 0.8 0 .8  1.0 1 . 2  
0 . 8  1.0 1 .o 1.0 1 .2  Ta l l  c r o p  (wheat ,  
s u g a r  c a n e )  
1.5 
Rice 1.0 1.0 1 . 2  1.0 1.3 1.6 
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On an annual b a s i s ,  e v a p o t r a n s p i r a t i o n  can  be e s t ima ted  as b e i n g  t h e  
d i f f e r e n c e  between r a i n f a l l  and t o t a l  ou t f low from t h e  a r e a  ( s u r f a c e  water 
out f low,  subsu r face  water ou t f low,  and expor ted  w a t e r ,  i f  any ) .  Any changes  
i n  s o i l  water s t o r a g e ,  groundwater s t o r a g e ,  and s u r f a c e  water s t o r a g e  are 
neg lec t ed  because  a long  p e r i o d  i s  taken .  Such changes cannot b e  n e g l e c t e d  
i f  s h o r t e r  p e r i o d s  o f ,  s ay ,  one day ,  one week, o r  one month are c o n s i d e r e d ,  
which are p r e c i s e l y  those  used  i n  groundwater model l ing .  To make a f a i r  
e s t i m a t e  of t h e  monthly e v a p o t r a n s p i r a t i o n  l o s s e s ,  one must t h e r e f o r e  
conduct t he  e x t e n s i v e  f i e l d  su rveys  mentioned above, and use one o r  more 
of t h e  a p p r o p r i a t e  c a l c u l a t i o n  methods. The numer ica l  model r e q u i r e s  t h a t  
t h e  a r e a l  v a r i a t i o n s  i n  t h e  monthly e v a p o t r a n s p i r a t i o n  l o s s e s  b e  s p e c i f i e d .  
upward seepage 
An a q u i f e r  can l o s e  water  by upward seepage  through an o v e r l y i n g  s l i g h t l y  
permeable l a y e r .  Whether t h i s  happens can be determined by p l a c i n g , p i e z o -  
me te r s  i n  t h e  a q u i f e r  and i n  t h e  o v e r l y i n g  l a y e r  (Fig.  2.5C).  I f  t h e  head  
(h) i n  t h e  a q u i f e r  i s  h i g h e r  t han  t h e  head of t h e  f r e e  w a t e r t a b l e  i n  t h e  
cove r ing  l a y e r  ( h ' ) ,  t h e  a q u i f e r  l o s e s  water  by upward seepage. Consequent- 
l y  t h e  w a t e r t a b l e  i n  t h e  cove r ing  l a y e r  w i l l  r ise t o ,  o r  c l o s e  t o ,  t h e  
ground su r face .  Areas where such upward seepage occur s  a r e  u s u a l l y  moi s t  o r  
swampy and a r e  r e a l  d i s c h a r g e  areas. The water  d i s c h a r g e s  by e v a p o t r a n s p i r -  
a t i o n  of t h e  r i c h  n a t u r a l  v e g e t a t i o n  and/or  by small  n a t u r a l  d r a i n a g e  
channels .  
The t o t a l  d i scha rge  from such areas can  be e s t ima ted  by measuring t h e  s u r -  
f a c e  water ou t f low,  i f  any, and by e s t i m a t i n g  t h e  e v a p o t r a n s p i r a t i o n ,  as 
d i scussed  above. It can  a l s o  be c a l c u l a t e d  wi th  Darcy ' s  e q u a t i o n :  
h - h '  
D' 
q = K '  (2 .17)  
1 where 
I q = r a t e  of upward seepage  (m/d) 
K '  = h y d r a u l i c  c o n d u c t i v i t y  of  t h e  cover ing  l a y e r  f o r  v e r t i c a l  f l o w  
(m/d) 
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D '  = s a t u r a t e d  th i ckness  of t h e  cove r ing  l a y e r  (m) 
h = h y d r a u l i c  head i n  t h e  a q u i f e r  (m) 
h' = h y d r a u l i c  head i n  t h e  c o v e r i n g  l a y e r  (m), s e e  F ig .  2.5C 
Note: K ' / D '  = I / c ,  where c i s  t h e  h y d r a u l i c  r e s i s t a n c e  of t h e  ( s a t u r a t e d )  
c o v e r i n g  l a y e r ,  a s  i s  commonly de termined  from a q u i f e r  test  d a t a .  
I f  t h e  head d i f f e r e n c e  (h - h ' )  i s  n e g a t i v e ,  as i s  o f t e n  found i n  i r r i g a t e d  
a r e a s ,  t h e  a q u i f e r  w i l l  ga in  water by v e r t i c a l  downward seepage through t h e  
c o v e r i n g  l a y e r .  
Although our  model cannot  handle  m u l t i - a q u i f e r  sys tems,  we must po in t  ou t  
t h a t  t h e  "impermeable" l a y e r  unde r ly ing  t h e  a q u i f e r  (Fig.  2.5C) may i n  f a c t  
n o t  be  impermeable. Depending on t h e  head d i f f e r e n c e s  above and below t h a t  
l a y e r ,  t h e  a q u i f e r  may l o s e  o r  g a i n  water through i t .  To f i n d  out  whether 
t h i s  occu r s ,  one must p l ace  double  p i ezomete r s  above and below t h e  l a y e r  
and de termine  i t s  h y d r a u l i c  r e s i s t a n c e .  The v e r t i c a l  exchange of ground- 
water through t h e  l a y e r  can then  be e s t i m a t e d .  
Horizontal outflow 
A l l  t y p e s  of a q u i f e r s  may l o s e  groundwater by l a t e r a l  subsu r face  out f low 
th rough  n a t u r a l  o r  imposed boundar i e s .  The ou t f low r a t e  must be determined 
o r  e s t i m a t e d ,  u s i n g  t h e  methods d i s c u s s e d  ear l ie r .  
Groundwater abstraction 
F i n a l l y ,  tube  w e l l s  and pumping s t a t i o n s  t h a t  a b s t r a c t  groundwater f o r  
domes t i c ,  i n d u s t r i a l ,  o r  i r r i g a t i o n  water s u p p l i e s  can be regarded as d i s -  
cha rge  areas. To e s t i m a t e  t h e  t o t a l  a b s t r a c t i o n  from t h e  a q u i f e r ,  an 
i n v e n t o r y  of a l l  pumped w e l l s  should  be made. I f  pump reco rds  are no t  
a v a i l a b l e ,  t h e  y i e l d  of t h e  w e l l s  can  b e  measured and i n q u i r i e s  made about  
t h e i r  time of o p e r a t i o n  (hour s  p e r  day ,  days  p e r  week, weeks p e r  months, 
and months p e r  yea r  t h a t  t h e  w e l l s  are pumped). I f  a v a i l a b l e ,  d a t a  on f u e l  
o r  e l e c t r i c i t y  consumption can be used t o  estimate t h e  d a i l y  o r  monthly 
a b s t r a c t i o n  of  t h e  wells.  66 
2 . 4  Groundwater balance 
The c o n t i n u i t y  concept r e q u i r e s  t h a t  a ba l ance  must e x i s t  between t h e  t o t a l  
q u a n t i t y  of water e n t e r i n g  a b a s i n  and t h e  t o t a l  amount l e a v i n g  t h e  b a s i n .  
I n  i t s  most g e n e r a l  form, t h e  water ba l ance  e q u a t i o n  (or  t h e  equa t ion  of  
hydro log ic  equ i l ib r ium)  r e a d s :  
s u r f a c e  inf low + subsu r face  in f low 
+ p r e c i p i t a t i o n  + imported water 
+ dec rease  i n  s u r f a c e  s t o r a g e  
+ dec rease  i n  groundwater s t o r a g e  
s u r f a c e  ou t f low + subsu r face  ou t f low 
+ e v a p o t r a n s p i r a t i o n  + expor ted  
wa te r  + i n c r e a s e  i n  s u r f a c e  s t o r a g e  
i i n c r e a s e  i n  groundwater s t o r a g e  
The groundwater ba lance  equa t ion  can be expres sed  a s :  
Perc  
Qper 
Q U P  
Q1 s i  
E t  
Qd r 
‘do 
= p e r c o l a t i o n  of water  from p r e c i p i t a t i o n  through t h e  u n s a t u r a t e d  
zone t o  t h e  w a t e r t a b l e  ( e f f e c t i v e  p r e c i p i t a t i o n )  
= p e r c o l a t i o n  of water  through stream beds ,  o t h e r  water  c o u r s e s ,  
and s u r f a c e  water  bod ie s  which have  water l e v e l s  h i g h e r  than  
t h e  w a t e r t a b l e  i n  t h e  a d j a c e n t  l a n d  
= upward v e r t i c a l  seepage e n t e r i n g  t h e  a q u i f e r  through an  under- 
l y i n g  s l i g h t l y  permeable c o n f i n i n g  l a y e r  
= la teral  subsu r face  in f low from a d j a c e n t  a r e a s  which have a 
h i g h e r  w a t e r t a b l e  than  t h a t  i n  t h e  a q u i f e r  
= e v a p o t r a n s p i r a t i o n  from sha l low w a t e r t a b l e  a r e a s  ( c a p i l l a r y  
r i s e  from t h e  sha l low groundwater i n t o  t h e  unsa tu ra t ed  zone 
and evapo t r an s p i ra  t i o n  ) 
= ou t f low of groundwater i n t o  streams, open water  c o u r s e s ,  and 
o t h e r  water  bod ie s  which have water l e v e l s  lower than t h e  
w a t e r t a b l e  i n  t h e  a d j a c e n t  land  
= downward v e r t i c a l  seepage l e a v i n g  t h e  a q u i f e r  through a n  
unde r ly ing  s l i g h t l y  permeable c o n f i n i n g  l a y e r  ’ 
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= l a t e r a l  s u b s u r f a c e  o u t f l o w  i n t o  a d j a c e n t  a r e a s  which have a 
Ql so 
lower  w a t e r t a b l e  than  t h a t  i n  t h e  a q u i f e r  
AS = change i n  groundwater  s t o r a g e  
grw 
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F i g .  2 .32 Flow components f o r  a s s e s s i n g  a groundwater  ba l ance  
S i m i l a r l y ,  t h e  water b a l a n c e  of t h e  u n s a t u r a t e d  zone can be w r i t t e n :  
(Pr  + I r r  - R.of f )  - E t  - W = AS s m  (2 .19)  
where (F ig .  2 .33 ) :  
P r  = p r e c i p i t a t i o n  
Irr  = i r r i g a t i o n  water supp ly  
R. o f f  = s u r f  ace  r u n o f f  
E t  = e v a p o t r a n s p i r a t i o n  
W = (Perc  - Cap),  f low a c r o s s  t h e  lower boundary of  t h e  s o i l  water 
zone,  where P e r c  i s  p e r c o l a t i o n  and Cap i s  c a p i l l a r y  r ise.  W 
c a n  be p o s i t i v e  o r  n e g a t i v e  
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ASsm = change i n  s o i l  water s t o r a g e ,  where s o i l  water  s t o r a g e  i s  t h e  
amount of water r e t a i n e d  by t h e  s o i l  up t o  a maximum of f i e l d  
c a p a c i t y  
When the  hydrogeologica l  i n v e s t i g a t i o n s  have been completed and t h e  in f low 
and outflow components of t h e  a q u i f e r  have been q u a n t i f i e d ,  an o v e r a l l  
groundwater ba lance  of t h e  b a s i n  must b e  a s ses sed .  This  i s  needed because  
the  model c a l c u l a t i o n s  inc lude  t h e  computation o f  i n d i v i d u a l  groundwater 
ba lances  of t h e  sub-areas i n t o  which t h e  b a s i n  w i l l  be d iv ided .  On an 
annual b a s i s ,  t h e  sum of a l l  t h e s e  i n d i v i d u a l  groundwater ba l ances  should 
agree  with t h e  b a s i n ' s  o v e r a l l  annual groundwater ba lance .  The groundwater 
balance i s  thus  one of t h e  means of v e r i f y i n g  t h e  groundwater model, 
provided t h a t  a l l  t h e  in f low and ou t f low components have been c o r r e c t l y  
determined and t h a t  t h e  e q u i l i b r i u m  equa t ion  indeed ba lances .  This  w i l l  
seldom happen, however, because some of i t s  components a r e  s u b j e c t  t o  minor 
o r  major e r r o r s .  These e r r o r s  m u s t  f i r s t  be c o r r e c t e d  by r e c o n s i d e r i n g  t h e  
a v a i l a b l e  d a t a  and t h e  methods t h a t  had been used t o  q u a n t i f y  t h e  compon- 
e n t s  i n  ques t ion .  
F ig .  2.33 Flow components f o r  a s s e s s i n g  a water ba lance  of t he  u n s a t u r a t e d  
zone 
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E s t i m a t i n g  unknown components 
The water  ba lance  t echn ique  i t s e l f  i s  a v a l u a b l e  t o o l  f o r  quan t i fy ing  c e r -  
t a i n  components of t h e  equa t ion  t h a t  a r e  o the rwise  d i f f i c u l t  t o  de te rmine .  
A wate r  ba lance  i s  commonly a s ses sed  f o r  a c e r t a i n  p e r i o d ,  which i s  chosen 
i n  such a way t h a t  a l l  t h e  v a l u e s  of t he  v a r i o u s  components of t h e  equa t ion  
are known, with t h e  excep t ion  of one. Under c o n t r o l l e d  c o n d i t i o n s ,  a s  i n  
l y s i m e t e r s  f o r  example, where t h e  q u a n t i t i e s  of r a i n ,  i r r i g a t i o n  wa te r ,  and 
wa te r  d ra ined  from t h e  l y s i m e t e r  have been measured, t h e  unknown q u a n t i t y  
o f  water  l o s t  by e v a p o t r a n s p i r a t i o n  can be c a l c u l a t e d :  E t  = Pr  + Irr - D r .  
When apply ing  th-is approach, one must know t h e  numerical  va lues  of t h e  
components wi th  g r e a t  p r e c i s i o n ,  o therwise  t h e  r e s u l t  may be mis leading;  
i n a c c u r a c i e s  i n  one o r  more of t h e  known q u a n t i t i e s  may exceed t h e  magni- 
t u d e  of t h e  unknown q u a n t i t y .  Inaccurac i e s  i n  t h e  major components s t r o n g l y  
a f f e c t  t h e  va lue  of a minor component; e r r o r s  of a few hundred per  c e n t  are 
p o s s i b l e .  
It  i s  o f t e n  p o s s i b l e  t o  s i m p l i f y  t h e  groundwater ba lance  equat ion .  I f ,  f o r  
example, t h e  pe r iod  i s  chosen a s  t h e  t i m e  between two i r r i g a t i o n  app l i ca -  
t i o n s ,  t h e  s o i l  water s t o r a g e  a t  t h e  beginning  and t h e  end of t h e  pe r iod  i s  
a t  f i e l d  c a p a c i t y .  T h i s  means t h a t  t h e  change i n  s o i l  water s to rage  over  
t h i s  per iod  i s  zero  and can thus  be  e l i m i n a t e d  from t h e  equat ion .  
Another s i m p l i f i c a t i o n  i s  t o  choose a pe r iod  wi thout  r a i n  (Prec = O )  o r  a 
pe r iod  a t  t h e  beginning  and t h e  end of which t h e  w a t e r t a b l e  i s  at t h e  same 
e l e v a t i o n  so t h a t  t h e r e  i s  no change i n  groundwater s to rage  (AS = O ) .  
One can a l s o  choose an a p p r o p r i a t e  area, f o r  i n s t a n c e  a po r t ion  of t h e  
a q u i f e r  where no s u r f a c e  in f low and ou t f low occur s  (Q - = O )  o r  
where t h e  w a t e r t a b l e  i s  deep (Cap = O ) .  
I n  an a q u i f e r  w i th  a sha l low w a t e r t a b l e  where t h e  only  d i scha rge  is by 
d r a i n a g e  t o  s t reams and water cour ses  (Q ) ,  where no s u r f a c e  water i s  i m -  
p o r t e d  o r  expor t ed ,  and where t h e  change i n  groundwater s to rage  can be neg- 
l e c t e d  because  a l ong  per iod  of t ime is cons ide red ,  t h e  ba lance  equa t ion  
s imp 1 i f  i e  s t o  : 
grw 
per - Qdr 
d r  
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R = - -  Qdr (Pr - E t )  
A ( 2 . 2 0 )  
where 
R = t h e  n e t  recharge  of t h e  a q u i f e r  
A = t h e  h o r i z o n t a l  s u r f a c e  a r e a  
and t h e  o t h e r  symbols are a s  de f ined  e a r l i e r .  
T h i s  equat ion  shows the  p r a c t i c a l  s i g n i f i c a n c e  of t h e  n e t  subsu r face  in f low 
t o  t h e  aqu i f e r .  The q u a n t i t y  RA r e p r e s e n t s  t h e  d i f f e r e n c e  between t h e  ave r -  
age  amount of water d ra ined  by streams and water  c o u r s e s  and the  average  
supp ly  (Pr - Et)A. Obviously, t h e  n e t  r echa rge  (R) can be e i t h e r  p o s i t i v e  
o r  nega t ive .  Negative v a l u e s  of R i n d i c a t e  r echa rge  areas, i . e .  a r e a s  where 
t h e  ne t  supply (Pr  - Et)A exceeds  t h e  d i s c h a r g e  (Qdr), and p o s i t i v e  v a l u e s  
i n d i c a t e  d i scha rge  a r e a s  where the  oppos i t e  i s  t r u e .  
Estimating aquifer characteristics 
The water ba lance  technique  can even be used t o  e s t i m a t e  averages  of 
c e r t a i n  a q u i f e r  c h a r a c t e r i s t i c s .  Determining t h e  h y d r a u l i c  r e s i s t a n c e  of 
t h e  conf in ing  l a y e r  cove r ing  a semi-confined a q u i f e r ,  f o r  i n s t a n c e ,  o f t e n  
poses  a problem, because it  would r e q u i r e  s e v e r a l  a q u i f e r  tes ts  a t  appro- 
p r i a t e  p l aces  i n  t h e  bas in .  I f  such tes t s  cannot  be made, t he  o r d e r  of 
magnitude of t h i s  a q u i f e r  c h a r a c t e r i s t i c  can be o b t a i n e d  by a s s e s s i n g  a 
groundwater ba lance .  The procedure i s  as fo l lows .  One s e l e c t s  a month, s ay  
a month i n  t h e  r a i n y  season du r ing  which the  r a i n f a l l  h a s  been measured. I n  
t h i s  month of r a i n y  weather and cloudy s k i e s ,  t h e  e v a p o t r a n s p i r a t i o n  i s  so  
s l i g h t  t h a t ,  as a f i r s t  approximat ion ,  it i s  n e g l e c t e d .  Double p i ezomete r s ,  
one  s e t  placed i n  t h e  a q u i f e r  and one set  i n  t h e  cove r ing  l a y e r ,  show a 
w a t e r t a b l e  r i s e  i n  t h e  cove r ing  l aye r .  A s o i l  survey  h a s  enabled a f a i r  
e s t i m a t e  of t h e  s p e c i f i c  y i e l d  of t h e  cove r ing  l a y e r  t o  be made. The water 
l eve l  readings  from t h e  p iezometers  show a d i f f e r e n c e  i n  head between t h e  
sha l low and t h e  deep piezometers.  The average  head d i f f e r e n c e  f o r  t h e  month 
c a n  be determined. I f  t h e r e  i s  no in f low o r  ou t f low of s u r f a c e  water i n  t h e  
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a r e a ,  nor  any pumpage from w e l l s ,  nor  a r t i f i c i a l  r echa rge ,  the  groundwater 
ba l ance  equa t ion  then  r e a d s  : 
(2 .2  
The hydrau l i c  r e s i s t a n c e ,  c ,  of the  c o n f i n i n g  l a y e r  i s  t h e  only unknown i n  
t h i s  equa t ion  and can be  so lved  from t h e  equat ion .  Uncer ta in ty  ex is t s ,  of 
cour se ,  i n  t h e  e s t ima ted  v a l u e  of U ' ,  which can be h ighe r  o r  lower than  t h e  
assumed va lue .  The c a l c u l a t i o n s  can t h e r e f o r e  be r epea ted  f o r ,  s a y ,  a v a l u e  
o f  p' two t i m e s  h i g h e r  and two times lower than t h e  va lue  assumed. New 
v a l u e s  of c are then  found and from them an average va lue  can be ca l cu -  
l a t e d .  I f  a n e g a t i v e  va lue  of c i s  found, t he  assumed f a c t o r  of two was 
e r roneous ,  and t h e  c a l c u l a t i o n s  should be  repea ted  f o r  a lower v a l u e .  I n  
t h i s  way i t  i s  p o s s i b l e  t o  f i n d  the  maximum value  t h a t  1-1' can assume f o r  
g iven  d a t a  on r a i n f a l l ,  head d i f f e r e n c e ,  and r i s e  i n  wa te r t ab le .  
Another month can  be  s e l e c t e d ,  f o r  example one i n  which the re  w a s  no r a i n -  
f a l l  (Pr = O ) .  The e v a p o t r a n s p i r a t i o n  i s  e s t ima ted  from c l i m a t o l o g i c a l  
d a t a .  During t h e  month a w a t e r t a b l e  r i s e  i n  the  cover ing  l aye r  w a s  ob- 
s e rved ,  and t h e  water l e v e l s  i n  the  deep piezometers were,  on t h e  average ,  
a given h e i g h t  above those  of t h e  sha l low p iezometers .  The s p e c i f i c  y i e l d  
of t h e  cove r ing  l a y e r  i s  n o t  known b u t  can  be e s t ima ted  from s o i l  survey 
d a t a .  Th i s  i n fo rma t ion  a l lows  t h e  o rde r  of magnitude of t he  h y d r a u l i c  
r e s i s t a n c e  of t h e  cover ing  l a y e r  t o  be  determined. 
h - h '  Ah' = u ' F  P r  - E t  + ~- - A S  
C grw 
( 2 . 2 2 )  
The va lue  of c can be solved from t h i s  equa t ion ,  bu t  it may be e r r o n e o u s ,  
because  u n c e r t a i n t i e s  e x i s t  i n  both t h e  e v a p o t r a n s p i r a t i o n  and t h e  s p e c i f i c  
y i e l d .  The e f f e c t  of t h e s e  u n c e r t a i n t i e s  on the  v a l u e  of c should t h e r e f o r e  
b e  examined. F i r s t l y  a h ighe r  and a lower va lue  of 1-1' i s  assumed, w i t h i n  
t h e  range t h a t  seems r easonab le ,  e .g .  two times h ighe r  and two t imes  lower 
than  had p rev ious ly  been assumed. New v a l u e s  of c a r e  then  found. Next,  
p o s s i b l e  e r r o r s  i n  t h e  e v a p o t r a n s p i r a t i o n  a r e  examined, f o r  example by 
t a k i n g  a h i g h e r  and a lower va lue  of E t .  F i n a l l y ,  t h e  c a l c u l a t i o n s  a r e  
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i r epea ted  on t h e  assumption t h a t  e r r o r s  i n  both e v a p o t r a n s p i r a t i o n  and 
1 s p e c i f i c  y i e l d  occur  s imul taneous ly .  This  r e s u l t s  i n  two v a l u e s  of c. The 
mean of t h e s e  two v a l u e s  can  be determined, a l though  one must b e  aware t h a t  
t h e  r e a l  va lue  of c can be  a f a c t o r  x h igher  o r  lower than  t h e  c a l c u l a t e d  
va lue .  
Final remarks 
The water  ba lance  approach o r  any of t h e  o t h e r  above approximate methods of 
e s t i m a t i n g  a q u i f e r  c h a r a c t e r i s t i c s  should no t  be regarded as a s u b s t i t u t e  
f o r  t he  more accu ra t e  methods of a q u i f e r  t e s t s  o r  f i e l d  exper iments .  
Approximate methods are n o t  a p p r o p r i a t e  i n  t h e  s tudy  of l o c a l  problems such 
a s  the  p lanning  of a new pumping s t a t i o n  f o r  d r i n k i n g  water supply .  For 
such problems, whether be ing  solved a n a l y t i c a l l y  o r  numer i ca l ly ,  i t  i s  w i s e  
t o  conduct one o r  more a q u i f e r  tes ts  t o  f i n d  r e l i a b l e  va lues  f o r  t he  
a q u i f e r  c h a r a c t e r i s t i c s .  
Things a r e  d i f f e r e n t  when one i s  working i n  l a r g e  groundwater b a s i n s ,  
ex tending  over  hundreds o r  even thousands of squa re  k i l o m e t r e s .  In such 
b a s i n s  one cannot conduct a q u i f e r  tes ts  i n  un l imi t ed  numbers because t h e  
c o s t s  would be p r o h i b i t i v e .  Less c o s t l y  methods, approximat ing  t h e  aqu i -  
f e r ' s  c h a r a c t e r i s t i c s ,  are then  a v a l u a b l e  a d d i t i o n  t o  t h e  more a c c u r a t e  
methods. The exper ienced  groundwater g e o l o g i s t ,  however, w i l l  know t h a t  
even a q u i f e r  tes ts  do n o t  y i e l d  p r e c i s e  v a l u e s ,  t h e  r easons  be ing  t h e  
he t e rogene i ty  of t h e  a q u i f e r  m a t e r i a l  and c o n f i n i n g  beds ,  t h e  l i m i t e d  
number of obse rva t ion  w e l l s  and/or p iezometers ,  and t h e  g r a p h i c a l  methods 
f r e q u e n t l y  used t o  d e r i v e  t h e  a q u i f e r  c h a r a c t e r i s t i c s .  With on ly  one o r  two 
obse rva t ion  w e l l s  o r  p iezometers ,  t h e  flow p a t t e r n  around a pumped w e l l  
cannot be p rope r ly  ana lyzed ,  so  t h e  assumptions made as t o  t h e  flow sys tem 
provoked by the  pumping are probably  e r roneous .  Determining a q u i f e r  cha rac -  
t e r i s t i c s  by g r a p h i c a l  methods i s  n o t  p r e c i s e  because more o f t e n  than  n o t ,  
when t r y i n g  t o  f i t  f i e l d  d a t a  p l o t s  wi th  s t anda rd  c u r v e s ,  one f i n d s  t h a t  
d i f f e r e n t  matching p o s i t i o n s  a r e  p o s s i b l e .  P a r t i c u l a r l y  s e n s i t i v e  i n  t h i s  
r e s p e c t  i s  t h e  va lue  of t h e  h y d r a u l i c  r e s i s t a n c e  of a c o n f i n i n g  l a y e r .  
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There is no justification in stressing the high accuracy of aquifer char- 
acteristics derived from aquifer tests unless the tests have been properly 
conducted, unless anomalies in the flow regime during the tests were not 
observed, and unless the assumptions underlying the formulas were satis- 
fied. This ideal situation is rare indeed. 
Recent developments in finding the best set of aquifer characteristics have 
been the introduction of various automatic and semi-automatic statistical 
and optimization techniques. The statistical techniques are based on an 
iterative trial-and-error procedure that attempts to improve an existing 
estimate of the characteristics. The optimization techniques try to achieve 
a detailed adjustment of the characteristics. Applying these techniques, 
one's primary aim is to use the computer to find a set of aquifer charac- 
teristics that give the best model response. The experienced user will know 
that more than one set of aquifer transmissivities will usually give 
equally good results. These techniques will frequently work and, in special 
situations, may be the only alternative left to the investigator. But the 
danger inherent in them is that the computer may come to be regarded as a 
substitute for field observations. For this reason we have emphasized the 
geomorphological and geological field work needed to arrive at reliable 
models. Estimates made without an understanding of the basin's geology and 
of the range of values that aquifer characteristics may assume in different 
parts of the basin will almost always be erroneous. On the other hand, once 
the geologist has formed his conclusions on the physical characteristics of 
the formations and structures controlling the flow of groundwater, he 
should not overlook the best possible check on the accuracy of his findings 
by testing them against an analysis of engineering measurements. 
Groundwater basin modelling is, in essence, the art and science of applying 
various investigatory methods, checking their results against one another, 
and representing the complexity of nature in a simplified form that allows 
mathematical treatment, and all this within the constraints of morality and 
laws goveming science. 
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3 DESCRIPTION OF THE MODEL 
3 . 1  Gener a l  
The model t h a t  w i l l  be d e s c r i b e d  i n  t h i s  book i s  l a r g e l y  based on t h e  
programming i d e a s  of Tyson and Weber (1963) and a l s o  i n c l u d e s  some o f  t h e  
i d e a s  developed by Goodwill ( s ee  D i e t r i c h  and Goodwill 1972).  
Inco rpora t ed  i n  t h e  model are t h e  fo l lowing  f e a t u r e s  and r e s t r i c t i o n s :  
The a q u i f e r  i s  t r e a t e d  as a two-dimensional f low system; 
Both uns t eady  and s t e a d y  s t a t e  c o n d i t i o n s  can  be  s i m u l a t e d ;  
Only one a q u i f e r  system can be modelled wi th  one s t o r a g e  c o e f f i c i e n t  
i n  v e r t i c a l  d i r e c t i o n ;  
The a q u i f e r  i s  bounded a t  t h e  bottom by an  impermeable l a y e r ;  
The upper boundary of t h e  a q u i f e r  i s  a n  impermeable l a y e r  (conf ined  
a q u i f e r ) ,  a s l i g h t l y  permeable l a y e r  (semi-confined l a y e r ) ,  o r  t h e  
f r e e  w a t e r t a b l e  ( p h r e a t i c  o r  unconfined a q u i f e r ) ;  
Darcy ' s  l a w  ( l i n e a r  r e s i s t a n c e  t o  l amina r  f low)  and Dupu i t ' s  assump- 
t i o n s  ( v e r t i c a l  f low can  be n e g l e c t e d )  are a p p l i c a b l e  i n  t h e  a q u i f e r ;  
The a q u i f e r  h a s  head-con t ro l l ed ,  f l ow-con t ro l l ed ,  and/or  zero-flow 
boundar i e s ;  t h e  f i r s t  two may vary  w i t h  t i m e ;  
For unconfined a q u i f e r s  t he  t r a n s m i s s i v i t y  v a r i e s  w i th  t ime ;  t h e  model 
a d j u s t s  t h e  s a t u r a t e d  th i ckness  acco rd ing  t o  t h e  c a l c u l a t e d  w a t e r t a b l e  
e l e v a t i o n  (non- l inear  c o n d i t i o n s ) ;  o n l y  t h e  h y d r a u l i c  c o n d u c t i v i t y  and 
t h e  bottom of  t h e  a q u i f e r  must be p r e s c r i b e d .  The same a p p l i e s  f o r  t h e  
s l i g h t l y  permeable t o p  l a y e r  of a semi-confined a q u i f e r ;  
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I n  semi-confined a q u i f e r s  h o r i z o n t a l  f low i n  t h e  top  l a y e r  i s  neg- 
l e c t e d ;  t h e  w a t e r t a b l e  i n  t h i s  l a y e r  may vary  accord ing  t o  recharge  
and seepage r a t e s  o r  can be taken c o n s t a n t ;  
L imi t s ,  i n  between which the  w a t e r t a b l e  i n  t h e  a q u i f e r  i s  allowed t o  
v a r y ,  can  be p re sc r ibed .  I f  t h e  w a t e r t a b l e  exceeds  a c e r t a i n  l i m i t ,  
t h e  model i n t roduces  an a r t i f i c i a l  f low r a t e  t h a t  w i l l  keep t h e  ca l cu -  
l a t e d  w a t e r t a b l e  w i t h i n  t h a t  l i m i t ;  
The p rocesses  of t h e  i n f i l t r a t i o n  and p e r c o l a t i o n  of r a i n  and s u r f a c e  
wa te r  and of c a p i l l a r y  r ise  and e v a p o t r a n s p i r a t i o n ,  t a k i n g  p l ace  i n  
t h e  u n s a t u r a t e d  zone of an a q u i f e r  (above t h e  w a t e r t a b l e ) ,  cannot be 
s imula ted .  T h i s  means t h a t  t he  n e t  recharge  t o  t h e  a q u i f e r  must be 
c a l c u l a t e d  manually and prescr ibed  t o  t h e  model. 
The model cannot s imula t e  s p a t i a l  and t i m e  v a r i a t i o n s  of groundwater 
qua l  it y. 
3 . 2  Physical background 
The model i s  based on t h e  two well-known equa t ions :  Darcy's law and the  
equa t ion  of conse rva t ion  of mass. The combination of t hese  two equa t ions  
r e s u l t s  i n  a p a r t i a l  d i f f e r e n t i a l  equa t ion  f o r  uns teady  flow: 
a ah a ah 
a Y  a Y  I 
ax (KD ax) + - (KD -) = - N  (3.11 
where 
K(x,y) = h y d r a u l i c  c o n d u c t i v i t y  of t he  a q u i f e r  f o r  h o r i z o n t a l  f low 
(L T-') 
D(x ,y , t )  = s a t u r a t e d  th i ckness  of t h e  a q u i f e r  a t  time t (L) 
h ( x , y , t )  = h y d r a u l i c  head i n  t h e  a q u i f e r  a t  t i m e  t (L) 
N(x ,y , t )  = source  o r  s i n k  term a t  t i m e  t (L T-') 
The le f t -hand  s i d e  of Eq. 3.1 r e p r e s e n t s  t h e  h o r i z o n t a l  flow i n  t h e  aqui -  
f e r ,  t h e  r igh t -hand s i d e  t h e  v e r t i c a l  f low. Vertical f low (N) c o n s i s t s  of 
d i f f e r e n t  f low components, depending on t h e  type of a q u i f e r .  
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where I 
R(x ,y , t )  = t h e  n e t  r a t e  of r echa rge  (L T-’) 
P ( x , y , t )  = t h e  n e t  rate of a b s t r a c t i o n  (L T-’) 
p(x,y) = s p e c i f i c  y i e l d  of t h e  a q u i f e r  (d imens ionless )  
h(x ,y)  = h y d r a u l i c  head i n  t h e  a q u i f e r  (L)  
t = t i m e  ( T )  
The term p a h / a t  i s  r e l a t e d  t o  t h e  movement of t h e  f r e e  w a t e r t a b l e  i n  c a s e  
of unsteady f low.  When t h e  w a t e r t a b l e  moves downwards o r  upwards, water i s  
r e l eased  from o r  t aken  i n t o  s t o r a g e ,  r e s p e c t i v e l y .  The s p e c i f i c  y i e l d  p i s  
def ined  a s  t h e  volume of  water r e l e a s e d  o r  s t o r e d  pe r  u n i t  s u r f a c e  a r e a  o f  
t h e  a q u i f e r  p e r  u n i t  change i n  t h e  component of head normal t o  t h a t  s u r f a c e .  
I n  p r a c t i c e  it may be cons ide red  t o  equa l  t he  e f f e c t i v e  p o r o s i t y  o r  d r a i n -  
a b l e  pore space  b e c a u s e ‘ i n  unconfined a q u i f e r s  t h e  e f f e c t s  of e l a s t i c i t y  o f  
a q u i f e r  m a t e r i a l  and f l u i d  a r e  g e n e r a l l y  s o  small t h a t  they  can  be  neg- 
l e c t e d .  I t  w i l l  be assumed t h a t  t h e  v a l u e s  of p f o r  upward and downward 
movement of t h e  w a t e r t a b l e  are equa l  and t h a t  t h e  g r a v i t y  y i e l d  i s  i n s t a n -  
taneous.  T h i s  i s  t h e  c l a s s i c a l ,  s imple  assumption u s u a l l y  made. 
In  unconfined a q u i f e r s  t h e  s a t u r a t e d  th i ckness  D is n o t  a c o n s t a n t ,  bu t  i s  
a func t ion  of t h e  p o s i t i o n  of t h e  f r e e  w a t e r t a b l e  a t  t ime t .  
For confined aquifers N i s  t h e  sum of on ly  two t e r m s :  
ah N = - P - S -  a t  
where 
S = t h e  s t o r a g e  c o e f f i c i e n t  of t h e  a q u i f e r  (d imens ionless )  
( 3 . 3 )  
The impermeable c o v e r i n g  l a y e r  a l lows  n e i t h e r  r echa rge  from p e r c o l a t i o n  n o r  
t h e  format ion  of  a f r e e  w a t e r t a b l e  i n  t h i s  l a y e r .  The s t o r a g e  c o e f f i c i e n t  S 
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i n  Eq. 3.3 i s  t h e r e f o r e  not  r e l a t e d  t o  t h e  e f f e c t i v e  p o r o s i t y  o r  d r a i n a b l e  
po re  space,  bu t  t o  t h e  e l a s t i c i t y  of t he  g r a i n  material and t h a t  of t h e  
water. For confined a q u i f e r s  S i s  c a l l e d  t h e  s t o r a g e  c o e f f i c i e n t  and i s  
d e f i n e d  i n  t h e  same way a s  t h e  s p e c i f i c  y i e l d  f o r  unconfined aqu i f e r s  
(Chap. 2 Sect. 2 . 7 ) .  The s a t u r a t e d  th i ckness  D of conf ined  a q u i f e r s  i s  
c o n s t a n t .  
For  semi-confined aquifers t h e  flow through t h e  cove r ing ,  s l i g h t l y  permeable 
l a y e r  has  t o  be cons idered .  The phys ica l  c h a r a c t e r i s t i c s  of t h i s  l aye r  w i l l  
b e  ind ica t ed  wi th  primes t o  d i s t i n g u i s h  them from t h e  corresponding cha rac -  
t e r i s t ics  of t h e  under ly ing  a q u i f e r .  It  w i l l  be  assumed t h a t  t he  th i ckness  
D '  of t h e  water body i n  the  cover ing  l a y e r  i s  less than  t h e  th ickness  D of 
t h e  a q u i f e r ,  and moreover, t h a t  i t s  hydrau l i c  conduc t iv i ty  K '  i s  low com- 
pared  wi th  t h e  hydrau l i c  conduc t iv i ty  K of t h e  a q u i f e r ,  though it  i s  n o t  
ze ro .  Consequently, h o r i z o n t a l  f low through t h e  cove r ing  l aye r  can be neg- 
l e c t e d .  Th i s  assumption can be regarded as an  exac t  formula t ion  when t h e  
cove r ing  l a y e r  c o n s i s t s  of a n i s o t r o p i c  mater ia l  wi th  a hydrau l i c  conductiv- 
i t y  K '  i n  v e r t i c a l  d i r e c t i o n  and zero  h y d r a u l i c  c o n d u c t i v i t y  i n  a l l  hor izon-  
t a l  d i r e c t i o n s .  
For  semi-confined aquifers t h e r e  are two d i f f e r e n t i a l  equa t ions ,  one f o r  
t h e  a q u i f e r  and t h e  o the r  f o r  t h e  covering l a y e r .  For t h e  a q u i f e r ,  N i s  t h e  
sum of t h r e e  terms: 
ah K '  
a t  D N = -  P - S - +  T (h '  - h)  ( 3 . 4 )  
where 
K '  = t h e  cove r ing  l a y e r ' s  hydrau l i c  c o n d u c t i v i t y  f o r  v e r t i c a l  flow 
( L  T-l) 
D '  = s a t u r a t e d  th i ckness  of t h e  cover ing  l a y e r  (L) 
h '  = hydrau l i c  head i n  t h e  cover ing  l a y e r  (L) 
and t h e  o t h e r  symbols as de f ined  ear l ier .  
Unl ike  confined a q u i f e r s ,  semi-confined a q u i f e r s  are given one a d d i t i o n a l  
t e r m  r ep resen t ing  t h e  v e r t i c a l  f low through t h e  cove r ing  l aye r .  This f low 
i s  caused by t h e  head d i f f e r e n c e  between t h e  w a t e r  i n  t h e  covering l a y e r  
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and t h a t  i n  the  unde r ly ing  a q u i f e r .  The s a t u r a t e d  t h i c k n e s s  D of t h e  
a q u i f e r  i s  c o n s t a n t .  
For the  cover ing  l a y e r  t h e r e  i s  a l s o  a one-dimensional d i f f e r e n t i a l  equa- 
t i o n .  Since bo th  t h e  water r ece ived  from p e r c o l a t i o n  and t h a t  r e l e a s e d  by 
t h e  f a l l i n g  w a t e r t a b l e  p e r c o l a t e  through the  cove r ing  l a y e r  be fo re  r each ing  
t h e  a q u i f e r ,  t h e  fo l lowing  equa t ion  a p p l i e s :  
( 3 . 5 )  
where 
1-1' = s p e c i f i c  y i e l d  of t he  cover ing  l a y e r  (d imens ionless )  
We s h a l l  assume t h a t  t h e  cover ing  l a y e r  has  a f r e e  w a t e r t a b l e ,  so t h a t  i t s  
s a t u r a t e d  t h i c k n e s s  D '  i s  n o t  cons t an t  b u t  may vary  wi th  t i m e .  Owing t o  i t s  
low pe rmeab i l i t y  we  a l s o  assume t h a t  no pumping w i l l  occur i n  t h i s  l a y e r .  
S ince  E q .  3.1 cannot  be so lved  e x p l i c i t y ,  a numer ica l  approach can  be  
followed, a l lowing  an approximate s o l u t i o n  t o  be ob ta ined .  
3.3 Numerical approaches 
The s o l u t i o n  of a p a r t i a l  d i f f e r e n t i a l  equa t ion  can b e  ob ta ined  by u s i n g  a 
f i n i t e  d i f f e r e n c e s  method. Th i s  method r e q u i r e s  t h a t  space be d iv ided  i n t o  
small bu t  f i n i t e  i n t e r v a l s .  The sub-areas thus  formed a r e  c a l l e d  nodal  
a r e a s ,  s ince  they  each  have a node which i s  used  t o  connect each area 
mathemat ica l ly  wi th  i t s  ne ighbours .  It i s  assumed t h a t  a l l  recharge  and 
a b s t r a c t i o n  i n  a nodal  a r e a  occur  a t  t h e  node; i n  o t h e r  words, each  node i s  
cons idered  t o  be  r e p r e s e n t a t i v e  of i t s  nodal  a r e a .  To each node a c e r t a i n  
s t o r a g e  c o e f f i c i e n t  o r  s p e c i f i c  y i e l d  i s  a s s igned ,  which i s  c o n s t a n t  and 
r e p r e s e n t a t i v e  f o r  t h a t  nodal  a r ea .  A c e r t a i n  h y d r a u l i c  c o n d u c t i v i t y  i s  
ass igned  t o  t h e  boundar ies  between nodal a r e a s ,  t hus  a l lowing  d i r e c t i o n a l  
a n i s o t r o p i c  c o n d i t i o n s .  
An approximate s o l u t i o n  t o  Eq. 3 .  1 can be  obta ined  by  r e p l a c i n g  it  w i t h  an 
equ iva len t  system of d i f f e r e n c e - d i f f e r e n t i a l  e q u a t i o n s ,  t h e  s imul taneous  
79  
s o l u t i o n  of which g i v e s  t h e  func t ion  of h a t  a f i n i t e  number of nodes. To 
i l l u s t r a t e  t h i s  we s h a l l  e l a b o r a t e  t h e  d i f f e r e n c e - d i f f e r e n t i a l  equa t ion  f o r  
a semi-confined a q u i f e r .  For the  two o t h e r  types  of a q u i f e r s ,  analogous 
d i f f e r e n c e - d i f f e r e n t i a l  equa t ions  can be d e r i v e d .  
For  an a r b i t r a r y  node b of a nodal network (Fig.  3 .1)  t h e  equa t ion  f o r  a 
semi-confined a q u i f e r  i s  ob ta ined  by combining Eqs. 3.1 and 3 .4 .  This 
y i e l d s  : 
where 
= l e n g t h  of s i d e  between nodes i and b (L) 
' i ,b 
Li,b = d i s t a n c e  between nodes i and b (L) 
% 
and t h e  o t h e r  symbols as def ined  e a r l i e r .  
= area a s s o c i a t e d  wi th  node b (L'), 
F ig .  3.1 Nodal geometry 
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Since t h e  w a t e r t a b l e s  a t  t h e  nodes change with t i m e  owing t o  changes i n  
recharge  and a b s t r a c t i o n ,  t h e  model a l s o  r e q u i r e s  a d i s c r e t i z a t i o n  of t i m e .  
Hence a number of success ive  t i m e  i n t e r v a l s  have t o  be chosen. For  each  
t i m e  i n t e r v a l  t h e  w a t e r t a b l e s  are computed and the  c a l c u l a t i o n  i s  r e p e a t e d  
a t  success ive  t i m e s .  D i s c r e t i z i n g  t h e  t ime per iod  r e q u i r e s  t h a t  a l l  Eqs.  
3 .6  be rep laced  by: 
K D  1 [ h i ( t + l )  - % ( t + l ) j  1 'i,b i , b  i , b  
i L i , b  
= % P b ( t + l )  + 
i- %sb A t  [ % ( t + l )  - % ( t ) ]  - [ h i ( t + l )  - h b ( t + l )  1 (3.7) 
w i th  t + 1 = t + A t  
A l l  Eqs. 3.7 a r e  so lved  by an i m p l i c i t  numerical  i n t e g r a t i o n  technique  
(Richtmeyer and Morton 1967). T h i s  method of i n t e g r a t i o n  h a s  t h e  advantage  
t h a t  t h e  magnitude of t h e  t ime s t e p  A t  does  n o t  depend on a s t a b i l i t y  
c r i t e r i o n .  
The c a l c u l a t i o n  procedure  i s  as fo l lows  : I n i t i a l  w a t e r t a b l e  e l e v a t i o n s  are 
p resc r ibed  t o  a l l  t h e  nodes.  A t  t h e  end of t he  f i r s t  time s t e p ,  A t ,  t h e  
components of t h e  water ba l ance  of a l l  Eqs. 3.7 a r e  c a l c u l a t e d  f o r  each  
nodal  a r e a  accord ing  t o  t h e  g iven  set o f  v a r i a b l e s  K i , b '  D i , b 7  'b' L i , b '  
r a t e s  du r ing  t h e  a c t u a l  t ime s t e p .  This  r e s u l t s  i n  a change i n  t h e  water 
ba lance  f o r  each  nodal  area. A l l  f lows a r e  balanced a t  each  node by s e t t i n g  
t h e i r  sum equa l  t o  a r e s i d u a l  t e r m .  The new w a t e r t a b l e  e l e v a t i o n s  a t  e a c h  
node a r e  then a d j u s t e d  by t h e  magnitude of t h e s e  r e s i d u a l s ,  a s  fo l lows :  
t h e  i n i t i a l  w a t e r t a b l e  e l e v a t i o n s ,  and t h e  recharge  and /o r  a b s t r a c t i o n  
r e s i d u a l  f o r  nodal area b 
K D  ]'i,b i , b  i , b  + - + -  %'b %% 
D b  i L i , b  
h b ( t + l )  = h b ( t )  + 
A t  
( 3 . 8 )  
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These changes i n  w a t e r t a b l e  e l e v a t i o n s ,  however, i n f l u e n c e  t h e  l a t e r a l  
groundwater flow from one nodal  area t o  a n o t h e r .  I f  t h e  a q u i f e r  i s  semi- 
conf ined ,  t he  changes a l s o  i n f l u e n c e  t h e  v e r t i c a l  f l ow through t h e  con- 
f i n i n g  l a y e r .  T h i s  means t h a t  l a b o r i o u s  i t e r a t i v e  c a l c u l a t i o n s  a r e  r equ i r ed  
t o  f i n d  t h e  proper water ba lances  f o r  each nodal  area and t h e i r  correspond- 
i n g  w a t e r t a b l e  e l e v a t i o n s .  Af t e r  each  i t e r a t i o n  the  sum of a l l  t h e  r e s i d u a l  
v a l u e s  of t he  water ba lances  over a l l  t h e  noda l  a r e a s  i s  c a l c u l a t e d  and 
t h i s  sum - which i n  f a c t  must be z e r o  - i s  compared wi th  a th reshold  
v a l u e .  T h i s  va lue  must be p re sc r ibed  and i s  s p e c i f i e d  a s  t h e  maximum t o l e r -  
a b l e  e r r o r  i n  t h e  r eg iona l  water ba l ance .  The i t e r a t i v e  procedure wi th in  
t h e  f i r s t  t i m e  s t e p  i s  repea ted  as many times as are needed t o  reduce t h e  
sum of a l l  the  r e s i d u a l  va lues  t o  a v a l u e  t h a t  i s  equa l  t o  o r  less than  t h e  
p r e s c r i b e d  th re sho ld  va lue .  The smaller t h e  t h r e s h o l d  va lue  chosen, t he  
b e t t e r  t h e  r e s u l t s  w i l l  be,  bu t  t h e  more i t e r a t i o n s  w i l l  be r equ i r ed  i n  
e a c h  t i m e  s t ep .  The w a t e r t a b l e  e l e v a t i o n s  a t  t h e  end of t h e  f i r s t  t i m e  s t e p  
s e r v e  as t h e  s t a r t i n g  cond i t ions  f o r  t h e  n e x t  t ime s t e p ,  a f t e r  which t h e  
whole p rocess  i s  repea ted .  
The method of s o l v i n g  Eqs. 3.7 s imul t aneous ly ,  as o u t l i n e d  above, i s  essen-  
t i a l l y  t h a t  of Gauss-Seidel (Rals ton  1961). Some of t h e  p r i n c i p l e s  used i n  
o u r  model can a l s o  be found i n  Thomas (1973). 
Another .way of s o l v i n g  Eqs. 3.7 i s  by u s i n g  an  e l i m i n a t i o n  method, by which 
t h e  equa t ions  a r e  solved d i r e c t l y  i n s t e a d  of i t e r a t i v e l y .  
Rear ranging  the  t e r m s  of Eqs. 3.7 y ie lds : .  
' i ,bKi ,bDi ,b  - I w i , b  K D  i , b  i , b
- % ( t + l )  L i , b  A t  
L J 
Assuming t h a t  t h e  f r e e  wa te r t ab le  i n  t h e  c o v e r i  
L i , b  
(3.9) 
g c o n f i n i n g  l a y e r  remains 
c o n s t a n t ,  t he  right-hand s i d e  of Eqs. 3.9 h a s  a known va lue  a t  time t + 1 .  
The le f t -hand  s i d e  of t he  equa t ion  r e p r e s e n t s  t he  unknown va lue  of h b ,  t h e  
unknown va lues  of h .  of t h e  sur rounding  nodes ,  and t h e  known va lues  of 
1 
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t h e i r  c o e f f i c i e n t s ,  provided t h a t  t h e  v a l u e s  of D a r e  kep t  cons t an t  
d u r i n g  each t i m e  s t ep .  I f  t h e r e  are n nodes i n  t h e  network, t h e r e  a r e  n 
i , b  
i Eqs. 3.9 wi th  n unknown va lues  of h,,. By in t roduc ing  new v a r i a b l e s  f o r  t h e  
1 known va lues ,  Eqs. 3.9 become: 
I 
I I I 
I I I 
a h + C a . h  - nn n n j  n j  - f n  
j 
I n  ma t r ix  n o t a t i o n ,  Eq. 3.10 can be  w r i t t e n  a s  
A h = f  
where 
( 3 .  IO) 
(3 .1  I )  
I n  Eq. 3.11 t h e  d iagonal  of t h e  c o e f f i c i e n t  ma t r ix  A i s  formed by the  c o e f -  
f i c i e n t s  of t h e  unknown va lues  of  hb.  To so lve  t h e  l i n e a r  system of a l g e b r a i c  
equa t ions  (3.11) t h e  Gauss e l i m i n a t i o n  method i s  used (McCracken and Dorn 
1964). B a s i c a l l y  i t  i s  the  e lementary  procedure by which t h e  " f i r s t "  equa- 
t i o n  i s  used t o  e l i m i n a t e  t h e  f i r s t  "va r i ab le"  from t h e  l as t  n - 1 e q u a t i o n s .  
Then t h e  new "second" equa t ion  i s  used t o  e l i m i n a t e  t h e  "second" v a r i a b l e  
from t h e  las t  n - 2 equa t ions ,  and so  on. I f  n - 1 e l i m i n a t i o n s  a r e  p e r -  
formed, t h e  r e s u l t i n g  l i n e a r  system, which i s  e q u i v a l e n t  t o  &he o r i g i n a l  ' 
system, i s  t r i a n g u l a r  and t h e  unknown v a l u e s  of h can e a s i l y  be  solved by 
back s u b s t i t u t i o n .  I n  the  program a mod i f i ca t ion  of t he  Gaussian e l imin-  
a t i o n  method, known as the '  Gauss-Jordan approach, has  been used. I n  t h i s  
b 
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approach t h e  back s u b s t i t u t i o n  i s  i n t e g r a t e d  i n  t h e  e l i m i n a t i o n  procedure 
( I saacson  and K e l l e r  1966) .  
The advantage of t h i s  method i s  t h a t  t h e  s o l u t i o n  i s  exac t  w i t h i n  t h e  accu- 
r a c y  of t h e  computer used. A d i sadvan tage  i s  t h a t  t h e  method r e q u i r e s  sub- 
s t a n t i a l l y  more computer memory than  t h e  i t e r a t i o n  method. Mu.tually ex- 
changeable computer programs are p resen ted  f o r  both methods. The use r  can 
choose which method b e s t  s u i t s  h i s  purpose.  
3 . 4  Design of nodal network 
To d i s c r e t i z e  a groundwater bas in  i n t o  nodal  areas, a networ- of r e c t a n g l e s ,  
squa res ,  o r  polygons i s  superimposed upon i t .  It i s  imposs ib le  t o  g ive  any 
ha rd  and f a s t  r u l e s  on what network t o  apply and how t o  des ign  i t .  Because 
of d i f f e r e n t  geo log ica l  and hydrogeologica l  c o n d i t i o n s ,  a network t h a t  i s  
a p p r o p r i a t e  i n  one b a s i n  w i l l  be i n a p p r o p r i a t e  i n  a n o t h e r ;  s i m i l a r l y ,  a 
network a p p r o p r i a t e  €o r  one problem w i l l  be i n a p p r o p r i a t e  f o r  ano the r .  
Neve r the l e s s ,  t h e r e  i s  a c e r t a i n  gene ra l  procedure t o  be followed i n  
des ign ing  a network and t h i s  w i l l  now be  expla ined .  
I n  des ign ing  a nodal  network, one beg ins  by c o n s i d e r i n g  the  fo l lowing  fac-  
t o r s :  
( a )  t h e  type  of problems t o  be so lved ;  
(b) t h e  r equ i r ed  accuracy  of t h e  r e s u l t s ;  
( c )  t h e  homogeneity o r  h e t e r o g e n e i t y  of t h e  a q u i f e r ;  
(d) t h e  a v a i l a b i l i t y  of d a t a ;  
( e )  t h e  shape  of t h e  boundar i e s ;  
( f )  t h e  number of nodes 
( a )  
d e t a i l e d ,  simple o r  complex. A reconnaissance  s tudy  of a l a r g e  groundwater 
b a s i n  w i l l  r e q u i r e  a network wi th  a l a r g e  mesh; a d e t a i l e d  l o c a l  problem 
w i l l  r e q u i r e  a network wi th  a small mesh. 
The problem t o  be  so lved  can be r e g i o n a l  o r  l o c a l ,  reconnaissance  o r  
(b) The accuracy  of the  r e s u l t s  gene ra t ed  by t h e  computer l a r g e l y  depends 
on t h e  mesh s i z e .  Where a c c u r a t e  r e s u l t s  are r e q u i r e d  and r e l a t i v e l y  l a r g e  
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changes of t h e  w a t e r t a b l e  occur (o r  may b e  expec ted ) ,  t h e  mesh s i z e  must be 
smal l ;  where no such accuracy i s  r e q u i r e d  and on ly  minor w a t e r t a b l e  changes 
occur ( o r  may b e  expec ted) ,  t he  mesh s i z e s  can be  l a r g e r .  
(c) Few a q u i f e r s  are homogeneous ove r  t h e i r  whole l a te ra l  e x t e n t .  I n  aqui -  
f e r s  t h a t  show a c l e a r  t r a n s i t i o n  from unconfined t o  p a r t l y  conf ined  o r  
conf ined ,  t h e  network should be adapted acco rd ing ly .  
(d) I n  l a r g e  groundwater b a s i n s ,  d a t a  may n o t  be a v a i l a b l e  wi th  t h e  same 
cons i s t ency  i n  a l l  p a r t s  of t h e  b a s i n .  I n  remote p a r t s  of i t ,  d a t a  are 
l i k e l y  t o  be s c a r c e .  I f  so ,  i t  makes no s e n s e  t o  use  small mesh s i z e s  
t h e r e .  S m a l l  mesh sizes r e q u i r e  numerous d a t a ,  bu t  s i n c e  t h e s e  a r e  n o t  
a v a i l a b l e ,  average  va lues  o r  e s t i m a t e s  would have t o  be s u b s t i t u t e d ;  t h e  
computer r e s u l t s  would then sugges t  an accuracy  t h a t  does n o t  e x i s t .  
(e )  I f  t he  groundwater bas in  t o  be  modelled i s  bounded by s t r a i g h t  l i nes  
t h a t  a r e  p a r a l l e l  t o  t he  coord ina te  axes  of a r e g u l a r  network ( squa res  o r  
r e c t a n g l e s ) ,  t h e  r e p r e s e n t a t i o n  of t h e  c o n d i t i o n s  a t  t h e  boundar i e s  p r e s e n t s  
no problem. Few groundwater bas ins ,  however, (or f low domains of p r a c t i c a l  
i n t e r e s t )  have s t r a i g h t  boundaries.  Usua l ly ,  some of t h e  boundar i e s ,  o r  
even a l l  of them, a r e  i r r e g u l a r  o r  curved. The use  of a r e g u l a r  network 
then poses  problems because the  b o u n d a r i e s . d o  n o t  c o i n c i d e  everywhere wi th  
t h e  nodes of t h e  network. The m o d i f i c a t i o n s  t h a t  must be made t o  r e p r e s e n t  
such i r r e g u l a r  and curved boundar ies  w i l l  b e  exp la ined  l a t e r  i n  t h i s  
s e c t i o n .  
( f )  On t h e  number of nodes r equ i r ed  t o  model an a q u i f e r ,  op in ions  d i f f e r .  
Rushton and Redshaw (1979) recommend t h a t  between 500 and 2000 nodes be  
used. When one i s  modelling f o r  t h e  f i r s t  t ime,  however, i t  i s  b e t t e r  t o  
fo l low t h e  adv ice  of Thomas (1973) and r e s t r i c t  t h e  number of nodes t o  IO 
o r  15. A s  one g a i n s  exper ience ,  one can u s e  networks wi th  more nodes.  The 
a v a i l a b l e  funds may a l s o  r e s t r i c t  t h e  number of nodes.  
Having given due cons ide ra t ion  t o  t h e s e  f a c t o r s  one w i l l  beg in  t o  have  some 
i d e a  of t h e  network t h a t  w i l l  b e  needed t o  s u i t  o n e ' s  p a r t i c u l a r  ground- 
water  bas in  o r  p a r t i c u l a r  problem. The n e x t  s t e p  i s  t o  t a k e  a map of t h e  
groundwater b a s i n ,  o r  problem a r e a ,  and mark on i t  t h e  e x t e r n a l  boundar i e s .  
85 
It should be s p e c i f i e d  whether t h e s e  boundaries are zero-flow, head-control-  
l e d ,  o r  f low-cont ro l led .  I f  any i n t e r n a l  boundar ies  e x i s t  ( a  d ra inage  o r  a 
b a r r i e r  boundary),  they should  a l s o  be marked on t h e  map ( see  Chap. 2 Sect .  
2 . 5 ) .  
I f  t h e  b a s i n  c o n t a i n s  more than  one type  of a q u i f e r ,  t h e s e  should be 
d e l i n e a t e d  on t h e  map. For  example, i t  must be shown where an unconfined 
a q u i f e r  p a s s e s  i n t o  a semi-confined o r  confined a q u i f e r .  
It would be i d e a l  i f  each  sub-area of t h e  network ( squa re ,  r e c t a n g l e ,  o r  
polygon) r e p r e s e n t e d  a homogeneous hydro log ica l  u n i t .  I n s i d e  each such u n i t  
t h e  a q u i f e r  would r e a c t  t o  r echa rge  and d i scha rge  c o n d i t i o n s  i n  t h e  same 
way everywhere. T h i s  would g r e a t l y  improve the  r e l i a b i l i t y  of t h e  nodal  
w a t e r t a b l e  e l e v a t i o n s  gene ra t ed  by the  computer. Few a q u i f e r s ,  however, a r e  
homogeneous o r  have a c o n s t a n t  t h i c k n e s s  everywhere. Neve r the l e s s ,  one 
should  s tudy  t h e  geology, aquifer.characteristics, and e s p e c i a l l y  we l l  
hydrographs because t h e s e  w i l l  reveal a r e a s  t h a t  can be  regarded ,  a t  l eas t  
t o  some e x t e n t ,  as h y d r o l o g i c a l  u n i t s .  By a d j u s t i n g  t h e  network t o  t h e s e  
u n i t s ,  one can approximate t h e  i d e a l  s i t u a t i o n .  
A wate r t ab le -con tour  map i s  a b a s i c  map i n  the  des ign  of a nodal  network. 
It shows t h e  magnitude of t h e  h y d r a u l i c  g rad ien t  and i t s  s p a t i a l  v a r i a t i o n s .  
S t eep  g r a d i e n t s  occur  i n  zones of concent ra ted  r echa rge  and d i scha rge ,  o r  
n e a r  f a u l t s  t h a t  form a b a r r i e r  t o  groundwater f low,  Zones of s t e e p  hydrau- 
l i c  g r a d i e n t s  r e q u i r e  f i n e  meshes, i f  t h e  w a t e r t a b l e  e l e v a t i o n s  genera ted  
by t h e  computer are t o  have any meaning (Fig.  3 . 2 ) .  
A r e g u l a r  network i s  c o n s t r u c t e d  by apply ing  the  Thiessen  method. A series 
o f  p a r a l l e l  l i n e s  are drawn pe rpend icu la r  t o  another  series of p a r a l l e l  
l i n e s .  The p o i n t s  of i n t e r s e c t i o n ,  which are t h e  c o n t r o l  p o i n t s  of t h e  f low 
reg ion ,  are t h e  nodes. P e r p e n d i c u l a r  b i s e c t o r s  of t h e  l i n e s  connec t ing  t h e  
nodes are then  drawn t o  o b t a i n  t h e  squares  o r  r e c t a n g l e s .  
S p e c i a l  a t t e n t i o n  must be given t o  curved boundar ies  n o t  p a s s i n g  through 
t h e  nodes of a r e g u l a r  network. I f  t h e r e  a r e  g r e a t  d i s t a n c e s  between t h e  
boundary and t h e  a d j a c e n t  nodes ,  s p e c i a l  d i f f e r e n c e  equa t ions  would have t o  
b e  developed f o r  p o i n t s  near t h e  boundary (Remson e t  a l .  1971)  and a d j u s t -  
ments would have t o  be made i n  t h e  computer programs. A use r  can only  make 
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Fig. 3.2 Graded network superimposed on a watertable-contour map showing 
different hydraulic gradients. In the area with steep gradients a smaller 
mesh size is used than in areas with slight gradients 
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b u t  as we assumed t h a t  our r e a d e r s  have no such e x p e r i e n c e ,  t hey  w i l l  b e  
unab le  t o  make t h e s e  ad jus tments .  
F o r  t h i s  r eason  ano the r  approach i s  fo l lowed.  It c o n s i s t s  of approximat ing  
t h e  t r u e  curved boundary w i t h  a nearby  curve t h a t  p a s s e s  through t h e  nodes  
o f  t h e  g r i d  (Ax = Ay) o r  t h e  network of r e c t a n g l e s  (Ax # Ay). I f  t h e  
boundary i s  s t r o n g l y  curved ,  s m a l l  mesh s i z e s  are r e q u i r e d  t o  approximate 
i t .  F i g u r e  3.3 shows a g r id -po in t  approximat ion  of a curved boundary. 
. .  . . .  
F i g .  3.3 Typica l  g r id -po in t  approximat ion  of a curved boundary 
The e r r o r  i n t roduced  by such approximat ions  i s  n e g l i g i b l e  provided t h e  mesh 
s i z e  i s  s m a l l  enough. It should be n o t e d ,  however, t h a t  a p p r e c i a b l e  e r r o r s  
c a n  be in t roduced  i f  t h e  boundary i s  s t r o n g l y  curved  and i f  an a c c u r a t e  
s o l u t i o n  t o  t h e  f low problem n e a r  such a boundary i s  d e s i r e d .  
W,ith a r e g u l a r  network the  p o s i t i o n  of o b s e r v a t i o n  w e l i s  w i l l  never  c o i n c i d e  
w i t h  t h e  p o s i t i o n  of t h e  nodes.  Th i s  means t h a t  t h e  h i s t o r i c  w a t e r t a b l e  e l -  
e v a t i o n s  r e q u i r e d  f o r  t he  model cannot  simply be  read  from t h e  r eco rds  of 
t h e s e  w e l l s .  I n s t e a d ,  t h e  r e q u i r e d  w a t e r t a b l e  e l e v a t i o n s  of t h e  nodes must  
b e  de te rmined  by i n t e r p o l a t i o n  from wa te r t ab le -con tour  maps on which t h e  
ne twork  i s  superimposed. 
88 
With an i r r e g u l a r  ne twork ,  much of  t h i s  t e d i o u s  i n t e r p o l a t i o n  work can  be 
avoided. An i r r e g u l a r  network i s  a l s o  c o n s t r u c t e d  by t h e  Th ies sen  method. 
One s e l e c t s  a p p r o p r i a t e  ' e x i s t i n g  w a t e r t a b l e  o b s e r v a t i o n  w e l l s  and con- 
s t r u c t s  a system of t r i a n g l e s  whose i n t e r n a l  a n g l e s  must a l l  be  l e s s  t h a n  
90'. Perpend icu la r  b i s e c t o r s  a r e  then  drawn t o  a l l  t h e  s i d e s  of t h e  t r i -  
a n g l e s  t o  o b t a i n  polygons.  A s  t h e  nodes of t h e  polygons r e p r e s e n t  observa- 
t i o n  w e l l s ,  t h e i r  d a t a  can  be r ead  from t h e  r e c o r d s ,  provided t h a t  t h e  
w a t e r t a b l e  e l e v a t i o n s  are r e p r e s e n t a t i v e  of  t h e  polygonal  a r e a .  
It w i l l  no t  always be p o s s i b l e  t o  fo l low t h i s  procedure  because  t h e  number 
and spac ing  of t h e  o b s e r v a t i o n s  w e l l s  w i l l  n o t  always be a p p r o p r i a t e .  Where 
f i n e  meshes are r e q u i r e d ,  f o r  i n s t a n c e ,  t h e  w e l l  spac ings  may be  t o o  l a r g e .  
Under t h e s e  c i r cums tances ,  a number of a r b i t r a r y  nodes must be s e l e c t e d  t o  
o b t a i n  the  r e q u i r e d  mesh. The w a t e r t a b l e  d a t a  of t h e  a r b i t r a r y  nodes t h e n  
h a s  t o  be found by i n t e r p o l a t i o n  from t h e  wa te r t ab le -con tour  map. 
The polygons can  be made sma l l e r  o r  l a r g e r  t o  approximate an i r r e g u l a r  
boundary by r e p l a c i n g  i t  wi th  s t r a i g h t  l i n e  segments.  A d i sadvan tage  of an 
i r r e g u l a r  network i s  t h a t  t h e  speed of convergence of t h e  s o l u t i o n  i s  less 
than  wi th  a r e g u l a r  ne twork;  t h i s  means t h a t  more i t e r a t i o n s  a r e  needed i n  
t h e  c a l c u l a t i o n  p rocess .  For t h i s  r eason ,  Rushton and Redshaw (1979)  
recommend t h a t  a r e g u l a r  g r i d  be used wherever p o s s i b l e .  
F igu re  3 . 4  shows two examples of networks.  Note t h a t  i n  a d d i t i o n  t o  t h e i r  
i n t e r n a l  nodes,  t h e s e  networks a l s o  have e x t e r n a l  nodes ;  t h e s e  are pr imar-  
i l y  needed t o  c o n s t r u c t  t h e  network n e a r  t h e  boundar i e s .  Such boundar i e s  
can  be e i t h e r  head-con t ro l l ed  ( t h e  head a t  t h e  e x t e r n a l  nodes o p p o s i t e  t h e  
boundary i s  known) o r  f low-con t ro l l ed  ( t h e  head a t  t h e  e x t e r n a l  nodes i s  
unknown, bu t  t h e  flow i s  known o r  can  be  e s t i m a t e d ) .  
The c o n s t r u c t i o n  of a noda l  network i s  o f t e n  a m a t t e r  of t r i a l  and e r r o r .  
Seve ra l  t r i a l s ,  followed by ad jus tmen t s ,  may be  needed t o  o b t a i n  a network 
t h a t  s u i t s  t h e  problem and avo ids  l a r g e  numbers of nodes f o r  which t h e  
necessa ry  d a t a  are mis s ing  Q r  f o r  which p r e c i s e  r e s u l t s  are n o t  r e q u i r e d .  
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F i g .  3 . 4  Examples of nodal networks (Thomas 1973)  
3.5 Data requi red  f o r  t he  model 
3 . 5 . 1  Nodal coord ina te s  
To enab le  t h e  computer t o  c a l c u l a t e  t he  d i f f e r e n t  f low r a t e s  ac ross  t h e  
boundar i e s  of t h e  nodal  a r e a s  and t h e  changes i n  s t o r a g e  i n s i d e  t h e s e  
areas, d a t a  must be provided on t h e  l e n g t h  of flow pa th  between a d j a c e n t  
nodes ,  on t h e  width of c r o s s - s e c t i o n a l  area of flow, and on t h e  s u r f a c e  
area of each  nodal  a r e a .  These t ed ious  measurements and c a l c u l a t i o n s  can  be 
performed by t h e  computer. This  r e q u i r e s  t h e  use  of a Car tes ian  c o o r d i n a t e  
system, which i s  drawn on t h e  map of t h e  nodal  network. The coord ina te  
v a l u e s  of a l l  t h e  nodes must be r ead  and p resen ted  i n  a t a b l e .  
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3.5.2 Hydrau l i c  c o n d u c t i v i t y  
To c a l c u l a t e  t h e  groundwater f low ac ross  t h e  boundar ies  o f  t h e  noda l  a r e a s ,  
t h e  weighted mean h y d r a u l i c  c o n d u c t i v i t y  v a l u e s  midway between a l l  t h e  
nodes have t o  be de te rmined .  Th i s  i s  done by super impos ing  t h e  network map 
on t h e  hydrau l i c  c o n d u c t i v i t y  map, which shows l i n e s  of e q u a l  mean hydrau- 
l i c  conduc t iv i ty .  The h y d r a u l i c  c o n d u c t i v i t y  of t h e  s i d e s  of each  noda l  
a r e a  i s  then found by i n t e r p o l a t i o n  o r ,  i f  two o r  more i soperms c r o s s  a 
s i d e ,  t h e  weighted mean h y d r a u l i c  c o n d u c t i v i t y  i s  c a l c u l a t e d .  The r e s u l t s  
are p resen ted  on a s e p a r a t e ,  c l e a n  network map. 
It should be no ted  t h a t ,  u n l i k e  conf ined  and semi-confined a q u i f e r s ,  an  un- 
conf ined  a q u i f e r  i s  on ly  p a r t l y  s a t u r a t e d .  The mean h y d r a u l i c  c o n d u c t i v i t y  
of  such an a q u i f e r  u s u a l l y  r e f e r s  t o  t h e  s a t u r a t e d  p a r t  o n l y .  I f  t h e  
a q u i f e r  i s  t h i c k  and i t s  w a t e r t a b l e  sha l low,  t h i s  va lue  c a n  be used w i t h o u t  
any g r e a t  e r r o r s .  I f  t h e  w a t e r t a b l e  i s  deep, however, t h e  mean h y d r a u l i c  
' c o n d u c t i v i t y  should be  c a l c u l a t e d  f o r  t h e  whole a q u i f e r ,  bo th  i t s  s a t u r a t e d  
and unsa tu ra t ed  p a r t s .  I n  p r a c t i c e  t h e  weighted mean h y d r a u l i c  c o n d u c t i v i t y  
o f  t h e  unsa tu ra t ed  p a r t  i s  e s t i m a t e d  from w e l l  l o g s ,  a s  w a s  d i s c u s s e d  i n  
Chap. 2 Sect.  2 . 7 .  
I f  t h e  a q u i f e r  i s  semi-confined, va lues  of t h e  h y d r a u l i c  c o n d u c t i v i t y  of 
t h e  s l i g h t l y  permeable cove r ing  l a y e r  a r e  a l s o  needed. S i n c e  t h e  f low 
through t h i s  l a y e r  i s  v e r t i c a l  ( e i t h e r  upward o r  downward), t h e  mean 
weighted h y d r a u l i c  c o n d u c t i v i t y  f o r  v e r t i c a l  f low of each  nodal  area should  
b e  c a l c u l a t e d  and t h e  r e s u l t s  p re sen ted  on a s e p a r a t e ,  c l e a n  network map. 
3.5.3 Aqui fer  t h i c k n e s s  
The model r e q u i r e s  t h a t  v a l u e s  of t h e  a q u i f e r  t h i c k n e s s  b e  s u p p l i e d ,  o r  
more s p e c i f i c a l l y ,  i t  r e q u i r e s  t h e s e  va lues  midway between a d j a c e n t  nodes .  
S ince  t h e  upper and lower l i m i t s  o f  t he  a q u i f e r  may va ry  throughout  t h e  
b a s i n  and a l s o  t h e  t y p e s  of a q u i f e r  may d i f f e r ,  t h e  f o l l o w i n g  p rocedure  i s  
used .  
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Unconfined aquifers a r e  on ly  p a r t l y  s a t u r a t e d .  To f i n d  the  s a t u r a t e d  
t h i c k n e s s ,  t h e  network i s  superimposed on a con tour  map of t h e  impermeable 
b a s e  and a weighted mean bottom l e v e l  e l e v a t i o n  f o r  each nodal area (BL- 
v a l u e )  i s  determined. The r e s u l t s  are p l o t t e d  on a s e p a r a t e ,  c l e a n  network 
map. 
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F i g .  3.5 Unconfined a q u i f e r .  Determination of t h e  a r i t h m e t i c  mean water- 
t a b l e  e l e v a t i o n  (equal  t o  s a t u r a t e d  a q u i f e r  t h i c k n e s s )  midway between two 
a d j a c e n t  nodes.  BL. i s  weighted mean e l e v a t i o n  of a q u i f e r  bottom a t  node i 
For  an unconfined a q u i f e r ,  the  computer i s  programmed t o  c a l c u l a t e  t h e  
a r i t h m e t i c  mean e l e v a t i o n  of t he  a q u i f e r  bottom between two a d j a c e n t  nodes 
(F ig .  3 .5 ) .  The BLi j  va lue  in  the  f i g u r e  i s  assumed t o  r ep resen t  t h e  
average  a q u i f e r  bottom e l e v a t i o n  a long  t h e  s i d e  shared  by two a d j o i n i n g  
noda l  areas. A t  each  i t e r a t i o n  t h e  computer c a l c u l a t e s  a new w a t e r t a b l e  
e l e v a t i o n  f o r  each  node ( i n  Fig.  3.5: H .  and H . ) .  For two ad jacen t  nodes 
-1 
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t h e  a r i t h m e t i c  mean of t h e  w a t e r t a b l e  e l e v a t i o n s  i s  then c a l c u l a t e d ,  and it  
i s  assumed t h a t  t h i s  value r e p r e s e n t s  t he  average wa te r t ab le  e l e v a t i o n  
along t h e  ad jo in ing  s i d e  of t he  two nodal areas. The computer then calcu-  
l a t e s  t h e  d i f f e r e n c e  between t h e  average wa te r t ab le  e l e v a t i o n  and t h e  
average a q u i f e r  bottom e l e v a t i o n  midway between t h e  two nodes. The r e s u l t  
r ep resen t s  t h e  s a t u r a t e d  th i ckness  a long the  s i d e  of the two nodal areas. 
Confined aquifers are f u l l y  s a t u r a t e d .  To f i n d  the  weighted mean a q u i f e r  
thickness  f o r  each nodal area, t h e  network i s  superimposed on the  isopach 
map of t he  a q u i f e r ,  which shows l i n e s  o f  equal thickness .  The weighted mean 
aqu i f e r  thickness  can then be determined a t  each node (Fig. 3.6) and 
p l o t t e d  on a sepa ra t e ,  c l e a n  network map. 
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Fig.  3.6 Confined aqu i f e r .  Determination of  t h e  cons t an t  a q u i f e r  t h i ckness  
midway between two ad jacen t  nodes 
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The computer c a l c u l a t e s  t he  a r i t h m e t i c  mean a q u i f e r  t h i ckness  midway 
between two ad jacen t  nodes and t h i s  va lue  i s  taken as be ing  r e p r e s e n t a t i v e  
of t he  average th i ckness  along t h e  s i d e  shared by t h e  two nodal a r e a s .  
Semi-confined aquifers  a r e  a l s o  f u l l y  s a t u r a t e d .  Their cons t an t  t h i ckness  
a long t h e  s i d e s  of ad jo in ing  nodal areas i s  determined i n  the  same way as 
f o r  confined a q u i f e r s .  A semi-confined a q u i f e r ,  however, has a conf in ing  
covering l aye r  with a f r e e  w a t e r t a b l e  t h a t  changes with t ime. The s a t u r a t e d  
th i ckness  of t h e  underlying a q u i f e r  thus remains cons t an t ,  but t h a t  of t h e  
conf in ing  covering l a y e r  v a r i e s .  To f i n d  t h e  weighted mean e l eva t ion  of t h e  
lower boundary of t he  confining l a y e r  f o r  each nodal area,  the network i s  
superimposed on t h e  contour map of t he  impermeable base and on the isopach 
map of t h e  a q u i f e r .  The weighted bottom l e v e l  e l e v a t i o n  (BL.-value) and t h e  
weighted mean a q u i f e r  t h i ckness  (D.-value) can then be determined and 
p l o t t e d  on two s e p a r a t e ,  c l ean  network maps. The computer c a l c u l a t e s  t h e  
weighted mean e l e v a t i o n  of t h e  lower boundary of the conf in ing  l a y e r  by 
t ak ing  t h e  sum of the BL. and Di va lues  a t  each node (Fig.  3 . 7 ) .  
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Fig. 3 . 7  Semi-confined a q u i f e r .  Determination of the cons t an t  t h i ckness  of 
t h e  a q u i f e r  and of t h e  s a t u r a t e d  th i ckness  of t h e  confining covering l a y e r  
midway between two ad jacen t  nodes 
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A t  each  i t e r a t i o n  t h e  computer c a l c u l a t e s  t h e  new nodal  w a t e r t a b l e  e l e v a -  
t i o n  i n  t h e  c o n f i n i n g  cove r ing  l a y e r .  It  then  c a l c u l a t e s  t h e  d i f f e r e n c e  i n  
e l e v a t i o n  between t h i s  w a t e r t a b l e  and t h e  lower boundary of  t h e  c o n f i n i n g  
cove r ing  l a y e r .  Th i s  d i f f e r e n c e  r e p r e s e n t s  t h e  s a t u r a t e d  t h i c k n e s s  of  t h e  
cove r ing  l a y e r  f o r  t h e  t i m e  s t e p  under c o n s i d e r a t i o n .  
Bes ides  t h e  in fo rma t ion  on t h e  s a t u r a t e d  th i ckness  of  t h e  a q u i f e r ,  t h e  
computer a l s o  r e q u i r e s  in fo rma t ion  on t h e  e l e v a t i o n  of t h e  land  s u r f a c e  
because  a l l  d a t a  on e l e v a t i o n s  - w a t e r t a b l e  e l e v a t i o n s  inc luded  - a r e  
r e l a t e d  t o  a r e f e r e n c e  datum. The e l e v a t i o n  of  t h e  land  s u r f a c e  i s  found by 
superimposing t h e  network on a topograph ica l  map showing con tour  l i nes  of 
t h e  land  su r face .  The weighted mean land s u r f a c e  e l e v a t i o n  of each  noda l  
a r e a  i s  determined and t h e  r e s u l t s  a r e  p l o t t e d  on a s e p a r a t e ,  c l e a n  network 
Note: Although t h e  mean bottom l e v e l  e l e v a t i o n  (BL.) i s  n o t  r e q u i r e d  f o r  
t h e  c a l c u l a t i o n  of  t h e  s a t u r a t e d  t h i c k n e s s  of conf ined  a q u i f e r s ,  i t  i s  
n e v e r t h e l e s s  p r e s c r i b e d  because  i n  a l l  a q u i f e r  t ypes  t h e  lower a q u i f e r  
boundar ies  s e r v e  as a c o n t r o l  l e v e l  below which t h e  w a t e r t a b l e  canno t  f a l l .  
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3 . 5 . 4  S p e c i f i c  y i e l d  and s t o r a g e  c o e f f i c i e n t  
-. 
For unconfined aquifers t h e  c a l c u l a t i o n  o f  any changes i n  s t o r a g e  of  
groundwater r e q u i r e s  r e p r e s e n t a t i v e  v a l u e s  of t he  a q u i f e r ' s  s p e c i f i c  y i e l d  
i n  each nodal area. These v a l u e s  can be found by superimposing t h e  network 
on a map showing l i n e s  of equa l  s p e c i f i c  y i e l d  and de te rmin ing  a weighted 
mean s p e c i f i c  y i e l d  f o r  each  noda l  a r e a .  The r e s u l t s  a r e  p l o t t e d  on a 
s e p a r a t e ,  c l e a n  network map. 
Note: t h a t  f o r  unconfined a q u i f e r s  t h e  s p e c i f i c - y i e l d  map should r e f e r  t o  
t h e  zone i n  which t h e  w a t e r t a b l e  f l u c t u a t e s  o r  i s  expec ted  t o  f l u c t u a t e  i n  
t h e  f u t u r e .  I f  t h e  groundwater i n  t h e  b a s i n  i s  t o  be pumped by w e l l s  o r  i f  
s u r f a c e  water i r r i g a t i o n  i s  t o  be in t roduced ,  t he  w a t e r t a b l e  may f a l l  f a r  
below o r  r ise  f a r  above i t s  i n i t i a l  l e v e l .  We t h e r e f o r e  recommend t h a t  t h e  
weighted mean s p e c i f i c  y i e l d  a t  each  c o n t r o l  po in t  be determined from t h e  
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l a n d  s u r f a c e  t o  some 10 t o  20 m below t h e  d e e p e s t  l e v e l  t o  which t h e  
w a t e r t a b l e  d rops  under n a t u r a l  c o n d i t i o n s .  I n  a r e a s  w i t h  a r e l a t i v e l y  deep  
w a t e r t a b l e ,  t h e  weighted mean s p e c i f i c  y i e l d  a t  each  c o n t r o l  p o i n t  ( w e l l s ,  
b o r e s )  should  be  determined f o r  bo th  t h e  u n s a t u r a t e d  zone and ( p a r t  o f )  t h e  
s a t u r a t e d  zone (Chap. 2 S e c t .  2 . 7 ) .  
Model l ing  a confined aquifer r e q u i r e s  a weighted mean s t o r a g e  c o e f f i c i e n t  
f o r  each  nodal  area. The same a p p l i e s  f o r  a semi-confined aquifer; i n  add i -  
t i o n ,  i f  t h e  f r e e  w a t e r t a b l e  i n  i t s  o v e r l y i n g  c o n f i n i n g  l a y e r  changes w i t h  
t i m e ,  a weighted mean s p e c i f i c  y i e l d  of t h i s  l a y e r  should be determined. 
Hence, f o r  a semi-confined a q u i f e r ,  two maps must be  prepared:  a s t o r a g e  
c o e f f i c i e n t  map of  t he  a q u i f e r  and a s p e c i f i c  y i e l d  map of t h e  o v e r l y i n g  
c o n f i n i n g  l a y e r .  To de termine  r e p r e s e n t a t i v e  v a l u e s  of t h e s e  parameters ,  
one  fo l lows  t h e  same procedure  as o u t l i n e d  above. 
3.5.5 Hydraul ic  head 
The c a l c u l a t i o n  of t he  groundwater f low from one noda l  a r e a  t o  another  re- 
q u i r e s  r e p r e s e n t a t i v e  d a t a  on t h e  h y d r a u l i c  head i n  a l l  t h e  nodes of t h e  
network. A c t u a l l y ,  f o r  t h i s  c a l c u l a t i o n ,  on ly  t h e  i n i t i a l  h y d r a u l i c  heads 
are  needed. These can be found by superimposing t h e  network on t h e  water- 
t ab l e -con tour  map prepared  f o r  t = O ,  i . e .  t h e  beg inn ing  of t h e  h i s t o r i c a l  
p e r i o d  f o r  which t h e  c a l c u l a t i o n s  w i l l  be made. A r e p r e s e n t a t i v e  h y d r a u l i c  
head  i s  t h e n  determined f o r  each node by i n t e r p o l a t i o n  and t h e  va lues  a r e  
p l o t t e d  on a s e p a r a t e  c l e a n  network map. I f  t h e  node of a p a r t i c u l a r  nodal  
area l ies  e c c e n t r i c  and i f  s e v e r a l  wa te r t ab le -con tour  l i n e s  pass  through 
t h e  nodal  area, one may have t o  choose a head t h a t  i s  more r e p r e s e n t a t i v e  
o f  t h e  area than  t h e  one of  t h e  a c t u a l  node. 
"His tory  matching" i s  used t o  c a l i b r a t e  t h e  model. Th i s  means t h a t  computed 
n o d a l  h y d r a u l i c  heads a r e  compared wi th  observed  noda l  hydrau l i c  heads.  TO 
make such a comparison, one needs n o t  on ly  t h e  i n i t i a l  nodal heads ,  bu t  
a l s o  t h e . c o n s e c u t i v e  observed nodal heads f o r  t h e  whole c a l c u l a t i o n  p e r i o d .  
I f  t h i s  p e r i o d  i s ,  say ,  a y e a r ,  one can p repa re  monthly hydrau l i c  heads ,  
u s i n g  t h e  same procedure  as o u t l i n e d  above. 
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Modelling a semi-confined a q u i f e r  r e q u i r e s  i n i t i a l  nodal  hydrau l i c  heads ,  
no t  on ly  f o r  t h e  a q u i f e r ,  bu t  a l s o  f o r  t h e  o v e r l y i n g  conf in ing  l a y e r .  So ,  
f o r  t = O ,  two water tab le-contour  maps must be  compiled: one f o r  t he  
a q u i f e r  and the  o t h e r  f o r  t h e  c o n f i n i n g  l a y e r .  The procedure o f  f i n d i n g  
r e p r e s e n t a t i v e  i n i t i a l  nodal  heads f o r  t h e  two l a y e r s  i s  t h e  same a s  
o u t l i n e d  above. 
3.5.6 Net r echa rge  
Net recharge  d a t a  f o r  a l l  t h e  nodal  a r e a s  must be prepared. The n e t  re- 
charge i s  t h e  a l g e b r a i c  sum of t h e  fo l lowing  e x t e r n a l  f lows:  r a i n f a l l ,  
evapo t ransp i r a t ion ,  s u r f a c e  runof f ,  seepage from watercourses ,  seepage t o  
watercourses ,  i r r i g a t i o n  l o s s e s ,  c a p i l l a r y  r ise  from shallow w a t e r t a b l e s ,  
a b s t r a c t i o n  by pumped wel ls ,  subsu r face  flow a c r o s s  f low-cont ro l led  bound- 
a r i e s ,  and a r t i f i c i a l  r echa rge ,  i f  any. Obviously,  n o t  a l l  of t h e s e  f lows  
w i l l  occur everywhere and a t  t h e  same time i n  a bas in .  For t h i s  r eason ,  i n  
o u r  computer programs w e  have n o t  a l l o c a t e d  a s p e c i f i c  v a r i a b l e  t o  each  of 
t hese  flows; i n s t e a d ,  w e  have d iv ided  them i n t o  two c a t e g o r i e s :  e x t e r n a l  
f lows t h a t  are measured o r  c a l c u l a t e d  as a depth per  t ime (e.g.  r a i n f a l l  
and e v a p o t r a n s p i r a t i o n )  and e x t e r n a l  f lows  t h a t  a r e  measured o r  c a l c u l a t e d  
a s  a volume per  t i m e  (e.g.  a b s t r a c t i o n  by pumped we l l s  and subsur face  f low 
ac ross  a f low-cont ro l led  boundary).  To each of t hese  c a t e g o r i e s ,  w e  have 
a l l o c a t e d  one v a r i a b l e :  RECH(K) t o  t h e  f i r s t  and FLWCON(K) t o  t h e  second. 
The va lues  of t h e s e  v a r i a b l e s  t h u s  r e p r e s e n t  t h e  a l g e b r a i c  sum of a number 
of e x t e r n a l  flows. We admit t h a t  t h i s  can be a d isadvantage  bu t  i t  a l lows  
us t o  keep t h e  model s i m p l e  so  t h a t  i t  can  be run  on s m a l l  computers. 
Note: Nodal n e t  r echa rge  va lues  can  on ly  be prepared  a f t e r  t h e  u n i t  t i m e  
f o r  which t h e  model i s  t o  be developed has  been chosen (Chap. 4 Sec t .  2 . 1 ) .  
I f  t h a t  u n i t  time i s ,  say ,  one month, t h e  two sets  of monthly n e t  r echa rge  
va lues  f o r  each nodal  a r e a  must be  prepared  f o r  t h e  e n t i r e  h i s t o r i c a l  
period being modelled. 
Usually t h e  i n d i v i d u a l  components of t h e s e  two lump terms a r e  n o t  known 
p r e c i s e l y .  For i n s t a n c e ,  t h e  stream f low e n t e r i n g  and l eav ing  a nodal a r e a  
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i s  n o t  known, and n e i t h e r  i s  t h e  i r r i g a t i o n  w a t e r  supp l i ed  t o  a nodal area. 
I r r i g a t i o n  water l o s s e s  i n  t h e  w a t e r  d i s t r i b u t i o n  system and on t h e  f i e l d s  
a r e  seldom known pe r  nodal  a r e a .  A t  b e s t ,  on ly  an e s t i m a t e  of t hese  compo- 
n e n t s  can be made, based on whatever in format ion  i s  a v a i l a b l e .  
For t h e  e x t e r n a l  f lows  measured o r  c a l c u l a t e d  .as a depth  per t ine ,  t h e  
nodal  network i s  superimposed c o n s e c u t i v e l y  on maps showing these  flow 
r a t e s  (Chap. 2 Sec t .  3 ) .  Each f low r a t e  i s  then  e s t ima ted  i n  each nodal 
a r e a  and combined i n t o  one s i n g l e  va lue  f o r  each  nodal  a r ea .  These v a l u e s  
a r e  brought t oge the r  i n  a t a b l e  and expressed  as a depth per  t i n e .  The 
computer i s  programmed t o  m u l t i p l y  each va lue  of RECH(K)  by t h e  a rea  of 
each nodal area t o  o b t a i n  a volume rate of f low pe r  t ime. 
For t h e  e x t e r n a l  f lows  measured o r  c a l c u l a t e d  as a volume pe r  t ime, t h e  
nodal  network i s  superimposed on maps showing t h e s e  flow r a t e s  (Chap. 2 
Sec t .  3).  Each flow rate i s  then  e s t ima ted  i n  each  nodal a r e a  and combined 
i n t o  one s i n g l e  va lue  f o r  each  noda l  area. F i n a l l y ,  a l l  t h e s e  va lues  are 
brought  t o g e t h e r  i n  ano the r  t a b l e  and expressed  as a volume per  t i m e .  
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PROGRAM DETAILS 
1 4.1 Package d e s c r i p t i o n  
A l l  computer programs c o n s i s t  o f  a source  program, i n  which t h e  c a l c u l a t i o n  
p rocesses  a r e  r eco rded ,  and a d a t a  s e t ,  which c o n t a i n s  t h e  a c t u a l  d a t a  
needed t o  per form t h e  c a l c u l a t i o n s .  
To make our  model s u i t a b l e  t o  be run  on even  small computers ,  which would 
o the rwise  n o t  have  s u f f i c i e n t  memory c a p a c i t y  t o  cope ,  we have decomposed 
ou r  computer program i n t o  fou r  p a r t s .  These f o u r  p a r t s  t o g e t h e r  form o u r  
"Standard Groundwater Model Program" (SMGP) , which c o n s i s t s  o f :  
SGMP 1 + Data  S e t  I ( r e a d i n g  of  i n p u t  d a t a l n o d a l  ne twork)  
SMGP 2 + Data S e t  I1 ( c a l c u l a t i o n :  i t e r a t i o n  t echn ique )  
SGMP 3a + Data S e t  111 ( p r i n t - o u t  of r e s u l t s )  
SGMP 3 + ' D a t a  S e t  I V  (p lo t -ou t  o f  r e s u l t s ) .  b 
I n  p r i n c i p l e ,  t h i s  package can be  used f o r  e i t h e r  r e g i o n a l  o r  l o c a l  ground- 
water  f low s t u d i e s .  'For  c e r t a i n  s p e c i f i c  c o n d i t i o n s ,  however, two o p t i o n a l  
programs a r e  a v a i l a b l e :  
OPRO 1 + Data S e t  V (which r e p l a c e s  SGMP 1 + Data S e t  I ) :  ( c a l c u l a t i o n  
o f  i npu t  d a t a l r e g u l a r  network)  
OPRO 2 (which r e p l a c e s  SGMP 2 ) :  ( c a l c u l a t i o n :  e l i m i n a t i o n  t e c h n i q u e ) .  
OPRO I has  been s p e c i a l l y  developed f o r  u s e  i n  l o c a l  groundwater  f l o w  
s t u d i e s  (e.g. a q u i f e r  t e s t s )  i n  a q u i f e r s  t h a t  are assumed t o  be  homogene- 
ous.  Such s t u d i e s  r e q u i r e  € a r  more a c c u r a t e  w a t e r t a b l e  c a l c u l a t i o n s  t h a n  
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r e g i o n a l  s t u d i e s  and consequent ly  a dense network wi th  a g r e a t  number of 
nodes .  For t h e s e  s t u d i e s ,  i t  is p r e f e r a b l e  t o  use  a r e g u l a r  network of 
r e c t a n g l e s  o r  squa res  r a t h e r  than an i r r e g u l a r  network. Although, i n  p r i n -  
c i p l e ,  SGMP 1 can a l s o  be used f o r  a r e g u l a r  network, t h e  r e s u l t i n g  i n p u t  
d a t a  handl ing  i s  time-consuming; t h e  use of OPRO 1 overcomes t h i s  problem. 
When i t  i s  d e s i r e d  t o  run  OPRO I ,  SGMP 1 and Data S e t  I a r e  removed from 
t h e  package and OPRO 1 and Data  S e t  V a r e  i n s e r t e d  i n  t h e i r  p l a c e ;  the  
o t h e r  source  programs and d a t a  s e t s  remain t h e  same. 
OPRO 2 r ep laces  t h e  i t e r a t i o n  technique  of SGMP 2 w i th  an e l imina t ion  tech-  
n ique .  In  r e g i o n a l  s t u d i e s ,  when t h e  a r e a  i n c l u d e s  semi-conf ined and/ o r  
conf ined  a q u i f e r s ,  many i t e r a t i o n s  may be needed t o  g e t  accu ra t e  r e s u l t s ;  
t h e  same a p p l i e s  i n  l o c a l  s t u d i e s  when r echa rge  o r  a b s t r a c t i o n  r a t e s  a r e  
h i g h  i n  r e l a t i o n  t o  t h e  s i z e  of t h e  nodal a r e a s .  By us ing  an e l i m i n a t i o n  
technique  i n  such s i t u a t i o n s ,  one can avoid numerous i t e r a t i o n s  without en- 
danger ing  t h e  accuracy  of t h e  r e s u l t s .  Admit ted ly ,  an e l imina t ion  technique  
consumes f a r  more memory, b u t  i t  can mean g r e a t  s av ings  i n  computer t i m e .  
OPRO 2 u s e s  t he  same d a t a  set  as SGMP 2 :  Data S e t  11. When i t  is d e s i r e d  t o  
u s e  an e l i m i n a t i o n  technique ,  SGMP 2 i s  removed from t h e  package and i s  re- 
p l aced  by OPRO 2 ;  t h e  o t h e r  source  programs and d a t a  sets  remain the  same. 
The u s e r  should be  aware t h a t  when he  runs OPRO 2 ,  t h e  fo l lowing  a d d i t i o n a l  
r e s t r i c t i o n s  apply :  
I f  t h e  a q u i f e r  i s  semi-confined, t he  w a t e r t a b l e  i n  the  conf in ing  l a y e r  
i s  Sized  a t  t h e  i n i t i a l  i npu t  l e v e l .  
L i m i t s  f o r  t h e  f l u c t u a t i o n s  of t he  groundwater l e v e l  cannot be p r e -  
s c r i b e d  f o r  t h e  upper and lower boundary of t h e  a q u i f e r  'system; t h e  
program w i l l  t hus  n o t  i n t e r f e r e  t o  keep t h e  groundwater l e v e l s  w i t h i n  
l i m i t s .  The c a l c u l a t e d  water l e v e l s  must t h e r e f o r e  be checked i n  t h i s  
r e s p e c t .  
For  unconfined a q u i f e r s  t he  e l i m i n a t i o n  t echn ique  in t roduces  an e r r o r  
i n  t h e  sense  t h a t  t he  v a r i a b l e  s a t u r a t e d  t h i c k n e s s  of such a q u i f e r s  i s  
n o t  c o r r e c t l y  s imula ted .  Because t h i s  technique  i s  a d i r e c t  one, i t  
means t h a t  f o r  a c e r t a i n  time s t e p  t h e  program uses  the  s a t u r a t e d  
t h i c k n e s s  v a l u e s  as they  have been c a l c u l a t e d  f o r  t he  previous t i m e  
s t e p .  
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I r r e s p e c t i v e  of whether t h e  o p t i o n a l  programs o r  SGMP 1 o r  SGMP 2 are r u n ,  
one can  choose t o  have t h e  r e s u l t s  of t h e  c a l c u l a t i o n s  e i t h e r  p r i n t e d  o u t  
w i t h  SGMP 3a o r  p l o t t e d  out  w i t h  SGMF' 3b;  i f  so d e s i r e d ,  t h e  r e s u l t s  can  be 
b o t h  p r i n t e d  and p l o t t e d .  With p r i n t - o u t s  one o b t a i n s  t h e  groundwater b a l -  
ances  of each nodal  area. With p l o t - o u t s ,  one can  compare t h e  c a l c u l a t e d  
w a t e r t a b l e  e l e v a t i o n s  wi th  t h e  h i s t o r i c a l  ones ;  i n  a d d i t i o n ,  p l o t - o u t s  are 
most u se fu l  i n  i n d i c a t i n g  t h e  long-term behaviour  of t h e  w a t e r t a b l e .  
The t o t a l  package t h u s  c o n s i s t s  of s i x  sou rce  programs and f i v e  d a t a  se ts .  
F igu re  4.1 shows t h e  p o s s i b l e  combina t ions .  
I 
RUN SGMP 3a 




DATA SET V 
INPUT 
1 I 
RUN SGMP 3a 
DATA SET I I I 
OUTPUT 
I I------ 
RUN OPRO 2 
DATA SET II 
RUN SGMP 3b 
DATA SET IV  
OUTPUT - 
SGMP 
DATA SET I 
INPUT 
RUN SGMP 2 
DATA SET I I 
CALCU LATlON 
RUN SGMP 3b 
DATA SET I V  
OUTPUT 
Fig .  4.1  P o s s i b l e  combina t ions  of sou rce  programs and d a t a  s e t s  
I n  Sec t ion  4.2  below, i t  w i l l  be exp la ined  how t h e  v a r i o u s  d a t a  s e t s  a r e  t o  
be prepared. S e c t i o n  4 . 3  w i l l  d e s c r i b e  how t h e  source  programs can be 
adapted  t o  a p a r t i c u l a r  network o r  p a r t i c u l a r  computer,  i f  necessa ry .  
S e c t i o n  4 .4  i s  in tended  f o r  t h e  systems manager; it informs him of t h e  
s p e c i f i c  demands p l aced  on h i s  computer system by t h e  program package. 
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4 . 2  Structure of data s e t s  
4 .2 .1  Data S e t  I 
The d a t a  r e q u i r e d  f o r  SGMP 1 are t h e  d a t a  of t h e  nodal  network,  and t h o s e  
of t h e  hydrogeo log ica l  pa rame te r s  and o t h e r  v a r i a b l e s .  For t h e  d e s i g n  of a 
noda l  ne twork ,  see Chap. 3 S e c t .  4 ;  f o r  t echn iques  t o  produce t h e  d a t a  on 
hydrogeo log ica l  pa rame te r s ,  see Chap. 2 Sec t .  2 ,  and Chap. 3 S e c t s .  5 . 2 ,  
5 . 3 ,  and 5 . 4 .  The d a t a  are p rocessed  and s t o r e d  i n  t h e  memory (FILE I ) .  The 
ou tpu t  of SGMP 1 c o n s i s t s  of a r e f o r m a t t e d  p layback  of t h e  inpu t  d a t a .  T h i s  
e n a b l e s  t h e  u s e r  t o  check whether  any mis t akes  w e r e  made when t h e  c a r d s  
were be ing  punched. 
Definitions o f  input variables 
The inpu t  v a r i a b l e s  have been d i v i d e d  i n t o  e i g h t  groups ,  which, f o r  t h e  
s a k e  of convenience ,  are p r e s e n t e d  i n  t h e  form of a t a b l e  (Table  4 . 1 ) .  Ex- 
p l a n a t i o n s  of t h e  v a r i o u s  items f o l l o w  t h e  t a b l e .  
Table  4.1 Inpu t  v a r . i a b l e s  o f  SGMP 1 
Group 1 TITLE 




NSIDE(K) , K = l  ,NN 
C O ( I , J ) ,  J=l ,2, 1 = 1  ,TNN 






Group 4 D E L T A  
MINOR 
MAJOR 
L I S T  
Group 5 ERROR 
C O E F F A  
Group 6 PERM ( J ) ,  J=1,7 
C O ( K ,  1 )  , K = l  ,NN 
P C O N F (  I) , I= 1 ,NSCONF 
ASC (I) , I= 1 ,NSCONF 
I Group 7 S L ( K ) ,  K = I , N N  
B L ( K )  , K = l  ,TNN 
CO(I,2), I = l , N C O N F  I 
I i Group 8 U L ( K )  , K = l  ,NN 
O L ( K )  , K = l  ,NN 
LSW2 
DELQ 
Group I .  I d e n t i f i c a t i o n  
TITLE = name of b a s i n ,  o r  any s p e c i f i c a t i o n . t h e  u s e r  w i shes  f o r  i den -  
t i f i c a t i o n .  
Group 2. Pa rame te r s  f o r  t h e  network c o n f i g u r a t i o n  
NN = number of i n t e r n a l  nodes.  A s  h a s  been e x p l a i n e d ,  t h e  a r e a  i s  
s p l i t  up i n t o  noda l  a r e a s ,  t h e  nodes of which r e p r e s e n t  t h e  
s p e c i f i c  a q u i f e r  c h a r a c t e r i s t i c s  i n  each  a r e a .  NN i s  f u r t h e r  
subd iv ided  i n  accordance  wi th  t h e  types  of a q u i f e r :  
NSCONF = number of i n t e r n a l  nodes t h a t  r e p r e s e n t  a semi-confined a q u i f e r .  
These nodes ( i f  any) are numbered c o n s e c u t i v e l y ,  s t a r t i n g  w i t h  I .  
N CONF = number of i n t e r n a l  nodes t h a t  r e p r e s e n t  a conf ined  a q u i f e r .  
These nodes ( i f  any)  are a l s o  numbered c o n s e c u t i v e l y  s t a r t i n g  
w i t h  NSCONF + I .  
103 
The remain ing  i n t e r n a l  nodes a r e  assumed t o  r e p r e s e n t  an unconfined aqui -  
f e r .  No s p e c i f i c  v a r i a b l e  i s  a t t a c h e d  t o  t h e s e  nodes.  They t o o  are numbered 
c o n s e c u t i v e l y ,  s t a r t i n g  from NCONF + 1 and concluding  wi th  NN. 
NEXTN 
N S I D E  (K)  
C O ( 1 ,  J) 
Group 3 .  
TMBAS 




= number of e x t e r n a l  nodes.  These nodes r e p r e s e n t  t h e  boundary 
c o n d i t i o n s  of t h e  area; each nodal  a r e a  l y i n g  a t  t h e  f r i n g e  of 
t h e  a r e a  must have one o r  more e x t e r n a l  nodes.  They a r e  numbered 
from NN + 1 t o  TNN which i s  an  i n t e r m e d i a t e  va lue  s i g n i f y i n g  t h e  
t o t a l  number of nodes (NN + NEXTN). 
= number of s i d e s  of each  i n t e r n a l  noda l  a r e a .  I n  t h e  program t h e  
maximum number of s i d e s  t h a t  each  nodal  a r e a  can posses s  i s  r e -  
s t r i c t e d  t o  seven. 
= x and y c o o r d i n a t e s  of  a l l  t h e  nodes ,  bo th  i n t e r n a l  and e x t e r n a l .  
They a r e  measured i n  em with  r ega rd  t o  an a r b i t r a r i l y  chosen 
C a r t e s i a n  c o o r d i n a t e  system l a i d  on t h e  map of t h e  network 
c o n f i g u r a t i o n .  When a t r i a n g l e  formed by t h r e e  nodes posses ses  an 
a n g l e  g r e a t e r  t han  90 d e g r e e s ,  a message i s  p r i n t e d  i n d i c a t i n g  
which of t h e  nodes t h i s  i s .  
Pa rame te r s  conce rn ine  dimensions 
= u n i t  t i m e  of t i m e  s t e p  and boundary c o n d i t i o n s .  It i s ' e x p r e s s e d  
a s  a word: week, month, e t c .  
= number of days i n  t h e  u n i t  t i m e  TMBAS. 
= a c t u a l  t i m e  a t  t h e  beginning-  of t h e  c a l c u l a t i o n  p r o c e s s ,  
exp res sed  as a numeric i n  t h e  dimension TMBAS. I f  t h e  computa- 
t i o n s  s t a r t  on 15 August and TMBAS has  t h e  dimension MONTH, T i s  
e q u a l  t o  7 .5 .  
= s c a l e  of t h e  map used f o r  t h e  nodal  network and from which t h e  
c o o r d i n a t e s  of t h e  nodes a r e  r ead .  
= an  e x t e r n a l  swi t ch  t h a t  can be  g iven  two v a l u e s .  
I f  t h e  s c a l e  of t h e  map i s  ve ry  l a r g e ,  t h e  noda l  a r e a s  become 
v e r y  l a r g e  when expressed  i n  square  metres; t h e  same a p p l i e s  t o  
pumping rates expressed  i n  cub ic  metres. These l a r g e  v a l u e s  can  
be  avoided by u s i n g  LSWI. 
S e t t i n g  LSWl equa l  t o  1 means: 
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u n i t  a r e a  = 1,000,000 square metres 
u n i t  volume = 1,000,000 cubic  metres 
S e t t i n g  LSWl equal t o  2 means: 
u n i t  area = 1 square  metre 
u n i t  volume = 1 cub ic  metre. 
Note: The ,un i t  l eng th  i s  always f ixed  (metre);  it i s  used i n  the  h y d r a u l i c  
conduct 
c e r t a i n  
Group 4 
v i t y  va lues  (metre/day) and i n  t h e  e l e v a t i o n  v a l u e s  (metres above a 
r e fe rence  datum). 
Parameters  of time d i s c r e t i z a t i o n  
In modelling a groundwater b a s i n ,  two t i m e  parameters are ind i spensab le .  
The f i r s t  i s  t h e  t i m e  s t e p ,  which i s  i m p l i c i t  t o  t h e  f i n i t e  d i f f e r e n c e  
method; i t s  magnitude must be determined by making a number of t r i a l  r u n s .  
The  second i s  t h e  t o t a l  time per iod  f o r  which t h e  c a l c u l a t i o n s  are t o  be 
made. 
Two o t h e r  parameters a r e  a l s o  used i n  t h e  program package. They can be 
regarded  a s  accumulation l e v e l s  of t he  time s t e p .  The reasons  why t h e s e  
parameters a r e  included a r e  two-fold: 
They a l low t h e  boundary cond i t ions  t o  be p re sc r ibed  a t  t i m e  i n t e r v a l s  
t h a t  a r e  d i f f e r e n t  from t h e  t i m e  s t e p ;  f o r  example, each  week o r  each  
month, depending on t h e  a v a i l a b l e  d a t a ;  
The s a m e  a p p l i e s  f o r  t h e  r e s u l t s  of the  c a l c u l a t i o n s ;  f o r  example, i t  
i s  p o s s i b l e  t o  p r i n t  t h e  wa te r t ab le  e l e v a t i o n s  f o r  each  month and t h e  
w a t e r  ba lance  components f o r  each yea r ,  even though t h e  a c t u a l  t i m e  
s t e p  i s  a week. 
DELTA = t ime. The choice  of t h e  time-step s i z e  i s  i n i t i a l l y  a r b i t r a r y ,  
a l though it i s  inf luenced  by two f a c t o r s :  
- I f  t he  t ime s t e p  i s  chosen t o o  l a r g e ,  t h e  approximation of 
f i n i t e  d i f f e r e n c e s  t o  d i f f e r e n t i a l s  w i l l  c ease  t o  be v a l i d  and 
t h e  r e s u l t s  w i l l  be i n  e r r o r ;  
- An i n t e r a c t i o n  e x i s t s  between the  amount of d a t a  f o r  t h e  
boundary cond i t ions  and t h e  s i z e  of t h e  time s t e p  chosen; 
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i f ,  f o r  example, t h e  boundary cond i t ions  a r e  known on a weekly 
b a s i s ,  one w i l l  not  t ake  a time s t e p  of one month and v i ce  v e r s a .  
For any p a r t i c u l a r  s e t  of d a t a ,  i t  i s  adv i sab le  t o  run the 
program with va r ious  DELTA values .  When t h e  r e s u l t s -  are compared, 
i t  can r e a d i l y  be seen f o r  what maximum value of DELTA the 
r e s u l t s  do not  appreciably change. 
Common t i m e  s t e p s  a r e  a week, a f o r t n i g h t ,  o r  a month f o r  r e -  
g iona l  s t u d i e s  and a day f o r  l o c a l  s t u d i e s  l i k e  a q u i f e r  t e s t s .  
The dimension of DELTA i s  t h e  u n i t  t i m e  TMBAS. 
M I N O R  = t h e  number of DELTA pe r iods  i n  the  f i r s t  accumulation l e v e l .  
MAJOR = t h e  number of f i r s t  accumulation l e v e l  pe r iods  i n  t h e  second 
accumulation l e v e l .  
L IST  = t h e  number of second accumulation l e v e l  per iods i n  the  t o t a l  
t i m e  per iod considered. 
To summarize t h e  use of t h e  parameters of time d i s c r e t i z a t i o n ,  t h e  va lues  
o f  t h e  t i m e  s t e p  DELTA and the  t o t a l  t i m e  per iod must f i r s t  be determined, 
a f t e r  which t h e  va lues  of t h e  o t h e r  two parameters can be chosen. For 
example, computations made f o r  a t o t a l  period of f i v e  yea r s  may have t h e  
fo l lowing  parameters:  
u n i t  t i m e :  one month 
t i m e  s t e p :  one f o r t n i g h t  
f i r s t  accumulation l e v e l :  one month 
second accumulation l e v e l  : one yea r  
The r e l a t i o n s h i p s  between t h e  d i f f e r e n t  t i m e  u n i t s  as they are used i n  t h i s  
con tex t  are: 1 year = 1 2  months = 24  f o r t n i g h t s  = 48 weeks = 366 days. The 
v a l u e s  of t h e  va r ious  parameters and t h e i r  i n t e r p r e t a t i o n  are: 
Parameter Value I n t e r p r e t a t i o n  
TMBAS MONTH month 
DMT I M  30.5 number of days i n  a month 
DELTA 0.5 f o r t n i g h t  
M I N O R  2 number of f o r t n i g h t s  i n  a month 
MAJOR 12  number of months i n  a year  
LIST 5 number of years  i n  t o t a l  time 
per iod 
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To check whether t h e  parameter  v a l u e s  have been determined c o r r e c t l y ,  t h e  
a l g e b r a i c  product  of t h e  v a l u e s  of DELTA, MINOR, MAJOR, and LIST should be  
c a l c u l a t e d ;  t h e  r e s u l t  should equal  t h e  t o t a l  t ime pe r iod  be ing  c o n s i d e r e d ,  
expressed  i n  t h e  u n i t  TMBAS. 
Group 5. Parameters  f o r  t h e  c a l c u l a t i o n  p rocess  
ERROR = a t o l e r a n c e  l e v e l  t h a t  d i r e c t l y  a f f e c t s  t h e  accuracy  of t h e  
f i n a l  r e s u l t s .  
I n  t h e  c a l c u l a t i o n  p rocess  t h e  v a r i o u s  components of t h e  water  ba l ance  o f  
t h e  nodal  a r e a s  a r e  c a l c u l a t e d .  For each  nodal a r e a  t h e  a l g e b r a i c  sum o f  
t h e s e  components i s  found and set e q u a l  t o  RES (= r e s i d u a l ) .  The w a t e r t a b l e  
e l e v a t i o n  a t  each node i s  then  a d j u s t e d  by t h e  magnitude of t h e  r e s i d u a l ,  
a t t e n u a t e d  by a r e l a x a t i o n  c o e f f i c i e n t .  F i n a l l y ,  t h e  sum of t h e  a b s o l u t e  
v a l u e s  of a l l  t h e  r e s i d u a l s  i s  c a l c u l a t e d .  I f  t h i s  sum i s  less t h a n  o r  
equa l  t o  t h e  va lue  of ERROR, t h e  c a l c u l a t i o n  of  t h e  noda l  w a t e r t a b l e  e l e v a -  
t i o n s  i s  completed f o r  t h a t  t ime s t e p .  I f  n o t ,  t h e  c a l c u l a t i o n  i s  r e p e a t e d  
as  many times a s  are r e q u i r e d  t o  reduce  t h e  sum t o  a v a l u e  less than  o r  
equa l  t o  t h e  value of ERROR. Obviously,  t h e  sma l l e r  one chooses  t h e  v a l u e  
o f  ERROR, t h e  more a c c u r a t e  t h e  c a l c u l a t e d  nodal  w a t e r t a b l e  e l e v a t i o n s  w i l l  
be.  Small v a l u e s  of ERROR, however, mean more i t e r a t i o n s  pe r  t i m e  s t e p  and 
t h u s  more computer t i m e .  Running t h e  program f o r  v a r i o u s  v a l u e s  of ERROR 
and comparing t h e  computer c o s t s  a g a i n s t  t he  accuracy  w i l l  i n d i c a t e  a 
s u i t a b l e  v a l u e  of ERROR. I f  a small v a l u e  of ERROR does  n o t  a p p r e c i a b l y  i n -  
c r e a s e  t h e  accuracy of  t h e  c a l c u l a t e d  w a t e r t a b l e s ,  a h i g h e r  v a l u e  of ERROR 
should be chosen t o  reduce  computer c o s t s .  
A check h a s  been inc luded  i n  t h e  program: i f ,  a f t e r  50 i t e r a t i o n s ,  t h e  sum 
of t h e  a b s o l u t e  v a l u e s  of a l l  t h e  r e s i d u a l s  i s  s t i l l  g r e a t e r  t h a n  t h e  v a l u e  
of  ERROR, t h e  i t e r a t i o n s  are t e rmina ted :  a message "RELAXATION FAILS TO 
CONVERGE" i s  p r i n t e d ,  and t h e  c a l c u l a t i o n s  a r e  s t a r t e d  f o r  t h e  n e x t  t i m e  
s t e p .  
The dimension of ERROR i s  t h e  same as f o r  t h e  o t h e r  components of  t h e  water 
ba lance :  a volume pe r  t ime.  The u n i t  o f  volume depends on t h e  v a l u e  of t h e  
swi t ch  LSWl ( 1  m3 o r  1,000,000 m3) and t h e  u n i t  time i s  equal  t o  TMBAS. 
107 
An e s t i m a t e  of t he  va lue  of ERROR could be  a c e r t a i n  pe rcen tage  - say  10 
p e r  c e n t  - of t h e  average a b s o l u t e  v a l u e s  of RECH(K) o r  FLWCON(K). I n  t h e  
program t h e s e  two v a r i a b l e s  r e p r e s e n t  t h e  net recharge  v a l u e s  f o r  each  
n o d a l  a r e a  ( s e e  Chap. 3 Sec t .  5 . 6 ) .  These averages  a r e  c a l c u l a t e d  a s  
f o l l o w s :  t h e  va lues  of FLWCON(K) i n  t h e  v a r i o u s  nodal areas are t o t a l l e d  
ove r  t h e  t o t a l  t i m e  per iod  and an average  i s  c a l c u l a t e d  by d i v i d i n g  t h e  
t o t a l  va lue  of FLWCON(K) by t h e  number of nodal  a r e a s ,  t a k i n g  i n t o  account 
o n l y  those  nodal  a r e a s  where t h e  va lues  of FLWCON(K) a r e  no t  equal  t o  ze ro .  
For  the va lues  of RECH(K) t h e  same procedure  i s  fo l lowed,  b u t  t h e  average  
i s  m u l t i p l i e d  by t h e  a r i t h m e t i c  mean s u r f a c e  a r e a  of t h e  nodal a r e a s .  
Which average, e i t h e r  t h a t  based on RECH(K) o r  on FLWCON(K), should be 
t aken  depends on t h e  s i t u a t i o n .  Suppose t h a t  t h e  s m a l l e s t  of  t h e  two i s  
chosen;  i t  must then  be  conver ted  t o  t h e  dimensions of ERROR, i . e .  bo th  t h e  
u n i t  volume and the  u n i t  t i m e  i n  which t h e  average  i s  expressed  should be 
conve r t ed  i n t o  the  u n i t  volume and the  u n i t  time used f o r  ERROR. The r e s u l t  





= r e l a x a t i o n  c o e f f i c i e n t .  Tyson and Weber (1963) have sugges ted  
t h a t  such a c o e f f i c i e n t  can i n c r e a s e  t h e  speed of convergence. An 
optimum v a l u e  f o r  i t  can be ob ta ined  i n  the  same way as  f o r  
DELTA. The range of t h e  c o e f f i c i e n t  i s  between 0 .8  and 1 .2 .  
Geohydrological parameters  
= mean h o r i z o n t a l  h y d r a u l i c  c o n d u c t i v i t y  of t h e  a q u i f e r  a t  each  
nodal  s i d e ,  weighted over the  l e n g t h  of the s i d e .  The dimension 
i s  f i x e d :  m/day. I n  t h e  program t h e  hydrau l i c  conduc t iv i ty  f o r  
each  nodal s i d e  i s  r ep resen ted  by t h e  p a i r  of node numbers i n  
between which the  s i d e  l i es .  I f  bo th  nodes are i n t e r n a l  nodes ,  
t h e  va lue  of the  h y d r a u l i c  c o n d u c t i v i t y  of t he  s i d e  must be 
p re sc r ibed  twice :  once f o r  one node and once f o r  t h e  o t h e r  ( s e e  
Chap. 5 Sec t .  4 . 1 ,  Table  5.10).  When t h e s e  two va lues  a r e  n o t  t h e  
same, a message i s  p r i n t e d  i n d i c a t i n g  f o r  which p a i r  of nodes 
t h i s  is so. 
108 
CO(K,I) = mean s t o r a g e  c o e f f i c i e n t  o r  s p e c i f i c  y i e l d  of t h e  a q u i f e r  i n  
each noda l  a r e a ,  weighted over t h e  nodal area (d imens ion le s s ) .  
The a r r a y  CO(K,I) has  been used ear l ier  f o r  t h e  x -coord ina te s ;  t o  
save memory requi rements ,  i t  i s  now used aga in  f o r  t h e  s t o r a g e  
c o e f f i c i e n t  o r  s p e c i f i c  y i e l d  of t h e  a q u i f e r .  
These two geohydrologica l  parameters  a r e  needed f o r  a l l  t y p e s  of a q u i f e r .  
I f  t h e  a q u i f e r  i s  semi-conf ined ,  two a d d i t i o n a l  geohydrologica l  parameters  
~ 
I a r e  needed: 
PCONF(1) = mean ver t ical  h y d r a u l i c  conduc t iv i ty  of t h e  c o n f i n i n g  l a y e r  i n  
those  noda l  areas denoted as semi-confined, weighted over  t h e  
nodal  area (mfday). 
= mean s p e c i f i c  y i e l d  of t h e  conf in ing  l a y e r  i n  those  nodal  a r e a s  
denoted as semi-confined, weighted over t h e  noda l  a r e a  (dimension- 
l e s s ) .  
ASC(1) 
Group 7 .  Topographical parameters  
Topographical parameters  d e f i n e  t h e  h o r i z o n t a l  boundar ies  of t h e  a q u i f e r  
system. Included i n  t h e  program package a r e  t h r e e  types  of a q u i f e r  (F ig .  
4 . 2 ) .  
S L I K 1  S L ( K 1  S L  ( K )  
D L  
BL(K1 B L  ( K I  
unconfined semi-confined confined 
Fig .  4.2  D i f f e r e n t  t ypes  of a q u i f e r  
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S L  ( K )  = e l e v a t i o n  of t h e  land s u r f a c e  i n  each nodal  a r e a ,  weighted over  
t h e  nodal a r e a  (m above a r e f e r e n c e  l e v e l ) .  
= bottom boundary of t h e  a q u i f e r  system, i n  each nodal  a r e a ,  
weighted over t h e  nodal area and a t  each e x t e r n a l  node t h a t  re -  
p r e s e n t s  a head-controlled boundary (m above a r e fe rence  l e v e l ) .  
B L ( K )  
C O ( K , 2 )  = t h i ckness  of t h e  a q u i f e r  i f  t h e  nodes a re ' deno ted  as semi- 
conf ined  o r  conf ined ,  weighted over t h e  nodal  a r ea .  The a r r a y  
CO(K,2) has been used e a r l i e r  f o r  t h e  y-coord ina tes ;  t o  save 
memory requi rements ,  i t  i s  now used aga in  f o r  t he  th i ckness  of a 
semi-confined o r  confined a q u i f e r .  
Group 8 .  Parameters f o r  v a r i a t i o n s  i n  w a t e r t a b l e  e l e v a t i o n  
I f  changes are t o  be introduced i n  t h e  groundwater b a s i n ,  f o r  example i f  
t h e  a q u i f e r  i s  t o  be pumped f o r  i r r i g a t i o n  purposes o r  recharged a r t i -  
f i c i a l l y ,  one w i l l  want t o  f o r e c a s t  t h e  w a t e r t a b l e  behaviour under t h e  new 
regime. Water tab le  e l e v a t i o n s  may be r equ i r ed  t o  remain wi th in  c e r t a i n  
l i m i t s ,  f o r  i n s t ance  i f  t h e r e  i s  a r i s k  of s o i l  s a l i n i z a t i o n  due t o  sha l low 
w a t e r t a b l e s ,  o r  a r i s k  of t h e  w a t e r t a b l e  dropping below the  we l l  sc reens  i n  
areas of heavy pumping. 
U L  ( K I  = upper l i m i t  t o  which t h e  w a t e r t a b l e  i n  each nodal a r e a  i s  
allowed t o  r ise.  The dimension i s  i n  m above a r e fe rence  l e v e l .  
O L  ( K I  = lower l i m i t  t o  which t h e  w a t e r t a b l e  i n  each nodal a r e a  i s  
allowed t o  f a l l .  The dimension i s  i n  m above a r e fe rence  l e v e l .  
LSW2 = an e x t e r n a l  switch t h a t  can be given two va lues .  
S e t t i n g  LSW2 equal  t o  2 means t h a t  no s p e c i f i c  input  va lues  f o r  
U L ( K )  and O L ( K )  a r e  needed, The program au tomat i ca l ly  a t t a c h e s  
t h e  va lues  of SL(K) and B L ( K )  t o  r e s p e c t i v e l y  UL(K) and O L ( K ) .  
S e t t i n g  LSW2 equal  t o  1 means t h a t  t h e  w a t e r t a b l e  e l e v a t i o n s  are 
p resc r ibed  wi th in  c e r t a i n  l i m i t s  and t h a t  s p e c i f i c  input  va lues  
f o r  t h e s e  l i m i t s  must be g iven  f o r  some o r  a l l  of t h e  nodal 
areas. For o t h e r  nodal areas wi thout  p re sc r ibed  l i m i t s ,  one must 
g i v e  UL(K) and OL(K)  t h e  v a l u e s  of r e s p e c t i v e l y  SL(K) and B L ( K ) .  
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For each t i m e  s t e p ,  tes ts  are made t o  see whether t he  genera ted  w a t e r t a b l e  
e l e v a t i o n s  exceed t h e  UL(K) and OL(K) l e v e l s .  I f  t h e s e  l e v e l s  a r e  exceeded 
i n  one o r  more nodal areas, t h e  program i n t r o d u c e s  a new component i n t o  t h e  
water ba lance  of those  noda l  areas and a s s i g n s  a va lue  t o  it t h a t  ensu res  
t h a t  t he  newly genera ted  w a t e r t a b l e  e l e v a t i o n s  remain w i t h i n  t h e  g iven  
l i m i t s .  This  new component can b e  seen  as an a d d i t i o n a l  p e r c o l a t i o n  o r  
ab .s t rac t ion ,  depending on whether t h e  w a t e r t a b l e  exceeds the  lower o r  upper  
l i m i t  of t he  a q u i f e r .  
For nodal areas denoted as semi-confined o r  conf ined ,  t h e  program o v e r r u l e s  
any t e s t s  on upper l i m i t s  f o r  w a t e r t a b l e  e l e v a t i o n s ,  p r e s c r i b i n g  only  t es t s  
on lower l i m i t s .  
DELQ = c o e f f i c i e n t  t h a t  de te rmines  t h e  speed of reaching  t h e  f i n a l  
va lue  of t h e  a d d i t i o n a l  p e r c o l a t i o n  o r  a b s t r a c t i o n  rate t h a t  w i l l  
keep t h e  w a t e r t a b l e  e l e v a t i o n s  between the  p r e s c r i b e d  l i m i t s .  
The procedure by which one de te rmines  a proper va lue  of t he  r e q u i r e d  add i -  
t i o n a l  p e r c o l a t i o n  o r  a b t r a c t i o n  r a t e  i s  as fo l lows .  
I f ,  a f t e r  a c e r t a i n  t i m e  s t e p ,  t h e  w a t e r t a b l e  e l e v a t i o n  exceeds t h e  p r e -  
s c r ibed  l i m i t ,  t h e  maximum va lue  of the  a b s o l u t e  va lues  of RECH(K) and 
FLWCON(K) d u r i n g  t h a t  t i m e  s t e p  i s  determined. This  va lue  i s  then  mul t i -  
p l i e d  by DELQ. The p roduc t  e n t e r s  t h e  water ba l ance  as t h e  new component 
w i th  a p lus  o r  minus s i g n ,  depending on which l i m i t  i s  exceeded. The ca l cu -  
l a t i o n  i s  then  r e s t a r t e d  f o r  t h e  same t i m e  s t e p  and t h e  new w a t e r t a b l e  
e l e v a t i o n s  are t e s t e d .  I f  t h e  w a t e r t a b l e  s t i l l  exceeds t h e  l i m i t ,  t h e  
a d d i t i o n a l  p e r c o l a t i o n  o r  a b s t r a c t i o n  rate i s  inc reased  by i t s  own v a l u e .  
Th i s  procedure is r epea ted  as many times as are needed t o  p reven t  t h e  
wa te r t ab le  from exceeding t h e  p a r t i c u l a r  l i m i t .  
Thus, t he  f i n a l  va lue  of t h e  a d d i t i o n a l  p e r c o l a t i o n  o r  a b s t r a c t i o n  ra te  i s  
a mul t ip l e  of t he  c o e f f i c i e n t  DELQ m u l t i p l i e d  by t h e  maximum va lue  of t h e  
a b s o l u t e  va lue  of RECH(K) and FLWCON(K) which were i n p u t  d a t a  f o r  t h a t  t i m e  
s t e p .  
Determining t h e  va lue  of DELQ i s  a m a t t e r  of t r i a l  and e r r o r .  When t o o  h i g h  
a va lue  is used, t h e  w a t e r t a b l e  w i l l  remain f a r  from t h e  p re sc r ibed  l i m i t .  
I f  i t  i s  too  low, too  many i t e r a t i o n s  w i l l  be needed be fo re  t h e  w a t e r t a b l e  
remains w i t h i n  t h e  l i m i t .  
1 1 1  
The maximum number o f  i t e r a t i o n s  i n  t h e  program i s  r e s t r i c t e d  t o  50. When 
more i t e r a t i o n s  are r e q u i r e d ,  a message "DELQ I S  TOO SMALL" i s  p r i n t e d .  
When t h e  g e n e r a t e d  w a t e r t a b l e  e l e v a t i o n  i n  a n o d a l  area exceeds  a l i m i t  a l  
though b o t h  t h e  v a l u e s  of RECH(K) and FLWCON(K) are e q u a l  t o  z e r o  d u r i n g  
t h a t  t i m e  s t e p ,  t h e  same message "DELQ I S  TOO SMALL" w i l l  be  p r i n t e d .  Here 
however ,  it makes no sense t o  e n l a r g e  DELQ, b u t  i n s t e a d ,  one must i n t r o d u c  
a dummy v a l u e  f o r  e i t h e r  RECH(K) o r  FLWCON(K). 
A v a l u e  of 0.1 f o r  DELQ h a s  been found t o  work s a t i s f a c t o r i l y .  
Sequence of cards and data formats 
T a b l e  4.2 shows t h e  i n p u t  sequence  and d a t a  f o r m a t s  f o r  d i r e c t  key punchin  
of t h e  d a t a  c a r d s  o f  Data S e t  I .  I f  t h e  r e a d e r  i s  n o t  f a m i l i a r  w i t h  d a t a  
f o r m a t s  he c a n  f i n d  a b r i e f  e x p l a n a t i o n  i n  Appendix 2. 
T a b l e  4.2 Card s t r u c t u r e  o f  Data S e t  I 
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N N ,  NSCONF, NCONF, NEXTN 
NSIDE (K) , K = l  ,NN 
(CO(1,J)  , J = 1 , 2 )  , I=l ,TNN 
TMBAS, DMTIM, T ,  SCALE, LSWl 
DELTA, M I N O R ,  MAJOR, LIST 
ERROR, COEFFA 
BL(K) , K = l  ,TNN 
K ,  ( N S ( J ) ,  PERM(J), .J=I,.T2) 
CO(1,I)  , 1 = 1  ,NN 
PCONF (K) , K= 1 ,NSCONF 
ASC(I), 1 = 1  ,NSCONF 
SL(K) , K= 1 ,NN 
CO (I , 2) , I= 1 ,NCONF 
LSW2, DELQ 
UL(K) , K = l  ,NN 





2A4,2F4.1 ,F8 .0 ,  I 4  
F4.2 , 314 
2F8.2 
20F4. O 
1 3 , 7 x 7 7 ( 1 3 ,  F5 .2 ,  2x)  









No t e  t h a t  : 
, I f  NSCONF i s  e q u a l  t o  z e r o ,  Cards 1 1  and 12 are s k i p p e d ;  
I f  b o t h  NSCONF and NCONF are e q u a l  t o  z e r o ,  Card 14 i s  s k i p p e d ;  
I f  LSW2 i s  e q u a l  t o  2 ,  Cards 16 and 17 are s k i p p e d .  
4 .2 .2  Data S e t  I1 
I n  SGMF' 2 t h e  w a t e r t a b l e  e l e v a t i o n s  a t  t h e  nodes  and t h e  water b a l a n c e s  o f  
t h e  nodal  areas are c a l c u l a t e d  f o r  each  t i m e  s t e p  and t h e  r e s u l t s  are 
s t o r e d  on a f i l e  (FILE 2 ) .  
Apar t  from t h e  d a t a  r e a d  from FILE 1 ( S e c t i o n  4 . 2 . 1 ;  SGMF' I ) ,  i n i t i a l  and 
boundary c o n d i t i o n s  and f o u r  e x t e r n a l  s w i t c h e s  are p r e s c r i b e d  f o r  t h i s  
program. (For  i n f o r m a t i o n  on t h e  t e c h n i q u e s  t h a t  can b e  a p p l i e d  t o  r e p r e -  
s e n t  i n i t i a l  and boundary c o n d i t i o n s ,  see Chap. 2 S e c t .  3 ,  and Chap. 3 
S e c t s .  5.5 and 5 .6 ) .  
1 A s  t h e  r e s u l t s  are s t o r e d  on t a p e ,  t h e  o n l y  o u t p u t  i s  t h e  h e a d i n g  and t h e  
v a l u e s  of t h e  f o u r  e x t e r n a l  s w i t c h e s .  I n c l u d e d  i n  t h e  c a l c u l a t i o n  p r o c e s s  
i s  a check a g a i n s t  c e r t a i n  s i t u a t i o n s .  I f  t h e y  o c c u r ,  one of t h e  f o l l o w i n g  
messages w i l l  b e  p r i n t e d .  
"RELAXATION FAILS TO CONVERGE" 
( S e c t i o n  4 . 2 . 1 ;  d e f i n i t i o n  of ERROR) 
"DELQ I S  TOO SMALL" ( S e c t i o n  4 .2 .1 ;  d e f i n i t i o n  o f  DELQ) 
"WATERTABLE I N  CONFINING LAYER I S  ABOVE SURFACE LEVEL" 
T h i s  can happen when t h e  p o s i t i v e  n e t  r e c h a r g e  e x c e e d s  t h e  downward 
1 seepage  o r  when t h e r e  i s  a n  upward s e e p a g e .  P h y s i c a l l y  t h i s  means t h a t  
t h e  area i s  w a t e r l o g g e d .  
"PIEZOMETER LEVEL IN AQUIFER IS BELOW BOTTOM TOP LAYER" 
T h i s  can happen when by a b s t r a c t i o n  from pumped w e l l s  t h e  p i e z o m e t r i c  
l e v e l  d r o p s  below t h e  bot tom of t h e  t o p  l a y e r .  It means t h a t  t h e  
a q u i f e r  i s  no  l o n g e r  e i t h e r  c o n f i n e d  o r  semi-conf ined .  When t h i s  
happens,  t h e  c a l c u l a t i o n s  must b e  r e s t a r t e d  a t  t h a t  t i m e  s t e p  w i t h  
o t h e r  v a l u e s  f o r  t h e  h y d r o g e o l o g i c a l  p a r a m e t e r s .  
I 
1 I3  
Definitions of input variables 
Group 1. Exte rna l  swi t ches  
LSW3 = a n  e x t e r n a l  swi t ch  t h a t  can be g iven  t h r e e  va lues .  
S e t t i n g  LSW3 equa l  t o  3 means t h a t  f o r  every  time s t e p  DELTA t h e  
boundary c o n d i t i o n s  must be  s p e c i f i e d .  
S e t t i n g  LSW3 equa l  EO 2 means t h a t  f o r  every  f i r s t  accumulation 
l e v e l  (MINOR t i m e  s t e p s  DELTA) t h e  boundary cond i t ions  must be 
spec  i f  i ed  . 
S e t t i n g  LSW3 equa l  t o  1 means t h a t  f o r  every  second accumulation 
l e v e l  (MAJOR x MINOR t i m e  s t e p s  DELTA) t he  boundary cond i t ions  
must be s p e c i f i e d .  
The a c t u a l  v a l u e  of LSW3 depends on t h e  chosen time s t e p  DELTA 
and on the  t ime b a s i s  f o r  which t h e  boundary cond i t ions  are 
a v a i l a b l e .  
LSW4 = an e x t e r n a l  swi tch  t h a t  can b e  g iven  two va lues .  
S e t t i n g  LSW4 equa l  t o  2 means t h a t  t h e  boundary cond i t ions  a r e  
r ead  f o r  each  DELTA, f i r s t  o r  second accumulation l e v e l  depending 
on t h e  va lue  of LSW3. LSW4 i s  equa l  t o  2 i n  t h e  c a l i b r a t i o n  
p rocess .  
In  o p e r a t i o n a l  runs  the  boundary c o n d i t i o n s  a r e  u s u a l l y  prepared 
on a monthly b a s i s  f o r  one y e a r .  For each yea r  i n  the  t o t a l  t i m e  
p e r i o d ,  t h e  same inpu t  d a t a  as given f o r  t h e  f i r s t  yea r  a r e  used. 
LSW4 i s  then  set  equal  t o  1 and LSW3 t o  2.  L I S T  then has  the  
dimension yea r  and MAJOR t h e  dimension month. 
LSW5 = a n  e x t e r n a l  swi t ch  t h a t  can b e  g iven  two va lues .  
S e t t i n g  LSW5 equa l  t o  1 means t h a t  a f i x e d  t i m e  s t e p  DELTA i s  
used i n  t h e  c a l c u l a t i o n  p rocess .  I t s  va lue  i s  read i n  t h e  f i r s t  
program SGMP 1. 
S e t t i n g  LSW5 equa l  t o  2 means t h a t  a v a r i a b l e  time s t e p  i s  used. 
For each t i m e  s t e p  t h e  va lue  of DELTA must now be  p resc r ibed ,  
s t a r t i n g  w i t h  the f i r s t  t i m e  s t e p ,  a t  the same time o v e r r u l i n g  
t h e  va lue  of DELTA given i n  t h e  f i r s t  program S G b P  1. 
A v a r i a b l e  t i m e  s t e p  i s  o f t e n  used i n  s i m u l a t i n g  a q u i f e r  t e s t s  
( l o g a r i t h m i c  t i m e  s t e p ) ,  b u t  f o r  r e g i o n a l  groundwater flow 
problems a f i x e d  t i m e  s t e p  i s  p r e f e r r e d .  
1 I4 
LSW6 = an e x t e r n a l  switch t h a t  can b e  given two va lues .  
S e t t i n g  LSW6 equal  t o  1 means t h a t  i n  a semi-confined a q u i f e r  t h e  
wa te r t ab le  e l e v a t i o n  i n  t h e  top  l aye r  i s  v a r i a b l e  and i s  calcu-  
l a t e d  from t h e  water balance of t h a t  l aye r .  
S e t t i n g  LSW6 equal  t o  2 means t h a t  t h e  wa te r t ab le  e l eva t ion  i n  
t h e  top l a y e r  i s  f i x e d  and i s  equal t o  the  va lue  of HCONF(K). 
This  i s  v a l i d  when t h e  program package i s  used t o  s imulate  
a q u i f e r  t e s t s  as it i s  then assumed t h a t  t he  wa te r t ab le  e l e v a t i o n  
i n  the  top l a y e r  remains cons t an t  du r ing  the  t e s t .  For r eg iona l  
groundwater flow problems, LSW6 must be given t h e  value I .  
Group 2 .  I n i t i a l  cond i t ions  a t  t i m e  T 
H(K) = i n i t i a l  wa te r t ab le  e l e v a t i o n s  of t h e  a q u i f e r  f o r  a l l  i n t e r n a l  
and e x t e r n a l  nodes, measured a t  the  nodes themselves (m above a 
r e fe rence  l e v e l ) .  
HCONF(K) = i n i t i a l  wa te r t ab le  e l e v a t i o n s  of t h e  top l a y e r  f o r  those 
i n t e r n a l  nodes which are denoted as semi-confined (m above 
r e fe rence  l e v e l ) .  
Group 3 .  Boundary cond i t ions  a t  t i m e  >T 
A s  explained i n  Chap. 3 Sect .  5 . 6 ,  we have divided t h e  n e t  recharge da ta  
i n t o  two ca t egor i e s ,  v i z .  e x t e r n a l  flows with t h e  dimension of depth p e r  
t i m e ,  and ex te rna l  flows with t h e  dimension of volume per time. For each 
category w e  have introduced one v a r i a b l e  i n  t h e  program. The values  of 
t hese  va r i ab le s  r ep resen t  t h e  a l g e b r a i c  sum of seve ra l  e x t e r n a l  flows 
( r a i n f a l l ,  evapo t ransp i r a t ion ,  c a p i l l a r y  r ise ,  i r r i g a t i o n  pe rco la t ion  
l o s s e s ) .  I f  the user  p r e f e r s  t o  sepa ra t e  these  flow components, a new 
v a r i a b l e  f o r  each of them must be introduced i n  the  program. Appendix 3 
p resen t s  gu ide l ines  on how t h i s  should be done. 
RECH(K) = n e t  recharge i n  each i n t e r n a l  nodal a r e a ,  being the sum of a 
number of e x t e r n a l  flows with dimension depth per  t i m e .  The u n i t  
l eng th  i s  f i xed  a t  one metre and t h e  u n i t  t i m e  i s  TMBAS. The 
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program m u l t i p l i e s  t h e  v a l u e  of  RECH(K) w i t h  t h e  a r e a  of t h e  
p a r t i c u l a r  n o d a l  area. A p o s i t i v e  s i g n  means r e c h a r g e  t o  t h e  
a q u i f e r ,  o r  i f  t h e  a q u i f e r  i s  semi-conf ined ,  r e c h a r g e  t o  t h e  
c o n f i n i n g  l a y e r .  
FLWCON(K) = n e t  r e c h a r g e  ra te  i n  e a c h  i n t e r n a l  n o d a l  area, b e i n g  t h e  sum of 
a number of e x t e r n a l  f l o w s  w i t h  d imens ion  volume p e r  t i m e .  The 
u n i t  o'f volume depends  on t h e  v a l u e  of t h e  s w i t c h  LSWl ( 1  m 3  o r  
1,000,000 m3); t h e  u n i t  o f  t i m e  i s  TMBAS. A p o s i t i v e  s i g n  means 
r e c h a r g e  t o  t h e  a q u i f e r .  
H (K) = w a t e r t a b l e  e l e v a t i o n s  i n  t h e  e x t e r n a l  nodes t h a t  s i m u l a t e  head- 
c o n t r o l l e d  b o u n d a r i e s .  For  t h e  o t h e r  e x t e r n a l  nodes ( f l o w - c o n t r o l -  
l e d )  no s p e c i f i c  v a l u e  of H(K) i s  r e q u i r e d .  The dimension i s  m 
above a r e f e r e n c e  l e v e l .  
DELTA = t i m e  s t e p ,  i f  LSW5 e q u a l s  2 ;  see d e f i n i t i o n  i n  S e c t i o n  4.2.1.  
Note:  For  unconf ined  a q u i f e r s  b o t h  RECH(K) and FLWCON(K) can be u s e d ;  f o r  
c o n f i n e d  a q u i f e r s  o n l y  FLWCON(K) c a n  b e  u s e d ,  f o r  semi-confined a q u i f e r s  
RECH(K) c a n  b e  used f o r  t h e  c o n f i n i n g  l a y e r  and FLWCON(K) f o r  t h e  a q u i f e r  
i t s e l f .  
Sequence of cards and data formats 
T a b l e  4 . 3  shows t h e  i n p u t  sequence  and d a t a  f o r m a t s  f o r  d i r e c t  key punching  
o f  t h e  d a t a  c a r d s  of Data S e t  11. 
T a b l e  4 . 3  Card s t r u c t u r e  of d a t a  S e t  I1 
Card No. N a m e  Format 
1 LSW3, LSW4, LSW5, LSW6 414 
2 H(K) , K = l  ,TNN 10F8.2 
3 HCONF (K)  , K= 1 ,NSCONF 10F8.2 
4 RECH(K), K = l  ,NN 8x ,  14F5.3 
5 FLWCON(K) , K = l  ,NN 8 x ,  7F10.4 
6 H(K) , K=NO,TNN 8x, 9F8.2 
7 DELTA F6.4 
1 I 6  
Note t h e  following: 
I f  NSCONF i s  equal  t o  ze ro ,  Card 3 i s  skipped. 
The set of Cards 4 ,  5 ,  and 6 are repeated:  
LIST t i m e s  i f  LSW3=I 
LIST X MAJOR times i f  LSW3=2 
LIST X MAJOR X MINOR times i f  LSW3=3 
This  i s  t h e  case f o r  LSW4=2; f o r  t h e  combination of LSW4=I and LSW3=2, 
t h e  s e t  of Cards 4 ,  5 ,  and 6 a r e  repeated MAJOR t i m e s .  
I f  LSW5 i s  equal t o  1,  Card 7 i s  skipped. 
4.2.3 Data Set  I11 
' 
1 f o r  SGMP 3a - along with t h e  ca l cu la t ed  wa te r t ab le  e l e v a t i o n s  and water SGMP 3a p r i n t s  t he  r e s u l t s  of t he  c a l c u l a t i o n  i n  t a b u l a r  form. Prescr ibed 
balance components, which a r e  read from a f i l e  (FILE 2)  - are va lues  f o r  
t h e  t h r e e  e x t e r n a l  switches.  These provide t h e  use r  with op t ions  f o r  t h e  
output .  
Definitions of input variables 
LSW7 = an e x t e r n a l  switch t h a t  can be given t h r e e  va lues .  
S e t t i n g  LSW7 equal t o  1 means t h a t  the w a t e r t a b l e  e l e v a t i o n s  are 
p r i n t e d  a t  each t i m e  s t e p  DELTA. 
S e t t i n g  LSW7 equal  t o  2 means t h a t  the w a t e r t a b l e  e l e v a t i o n s  are 
p r i n t e d  a t  each f i r s t  accumulation l e v e l  (MINOR time s t e p s  
DELTA). 
S e t t i n g  LSW7 equal  t o  3 means t h a t  t h e  w a t e r t a b l e  e l e v a t i o n s  are 
p r i n t e d  a t  each second accumulation l e v e l  (MAJOR x MINOR t i m e  
s t e p s  DELTA). 
LSW8 = an e x t e r n a l  switch t h a t  can be given t h r e e  va lues .  
The meanings of t h e  values  1, 2, and 3 f o r  t h i s  switch a r e  ana- 
logue t o  those f o r  LSW7. Ins t ead  of p r i n t i n g  w a t e r t a b l e  elev- 
a t i o n s  a t  v a r i o u s , t i m e  l e v e l s ,  t h e  components of t he  water  
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LSW9 
ba lance  of t he  nodal  a r e a s  a r e  c a l c u l a t e d  over t h e  v a r i o u s  t ime 
l e v e l s  and p r i n t e d  a f t e r  each p a r t i c u l a r  t i m e  l e v e l .  
= an  e x t e r n a l  swi t ch  t h a t  can be given two va lues .  
S e t t i n g  LSW9 equa l  t o  1 means t h a t  on ly  t h e  water  levels of t h e  
i n t e r n a l  nodes a r e  p r i n t e d .  
S e t t i n g  LSW9 equa l  t o  2 means t h a t  t h e  water l e v e l s  of bo th  
i n t e r n a l  and e x t e r n a l  nodes are p r i n t e d .  Th i s  i s  u s u a l l y  done 
o n l y  once t o  check t h e  head-cont ro l led  boundar ies  numer i ca l ly .  
With the  a i d  of t h e s e  swi t ches ,  t h e  u s e r  can  choose t h e  i n t e r v a l  f o r  which 
he  wants t h e  r e s u l t s  p r i n t e d .  For example, t h e  w a t e r t a b l e  e l e v a t i o n s  can  be 
p r i n t e d  e a c h  month and t h e  water  ba lance  each yea r .  
Sequence of cards and data formats 
A s  t h e  r equ i r ed  d a t a  are r ead  from a f i l e  (FILE 2 ) ,  t h e  
swi t ches  are t h e  on ly  inpu t  d a t a  f o r  SGMF' 3a (Table 4.4 
Table  4.4 Card s t r u c t u r e  o\f Data S e t  I11 
Card No. Name Format 
1 LSW7, LSW8, LSW9 314 
Definitions of output variabZes 
t h r e e  
H SEMICONF = w a t e r t a b l e  e l e v a t i o n  of t h e  a q u i f e r  i f  
conf ined .  
H CONFINED = w a t e r t a b l e  e l e v a t i o n  of t h e  a q u i f e r  i f  
conf ined .  
= w a t e r t a b l e  e l e v a t i o n  of t h e  a q u i f e r  i f  
unconfined. 
= w a t e r t a b l e  e l e v a t i o n  of t h e  conf k i n g  




e x t e r n a l  
i t  i s  s e m i -  
i t  i s  
it i s  
a y e r  i f  t h e  
CHANGE I N  STORAGE 
I N  TOP LAYER 
T = a c t u a l  time expressed  as a numeric i n  t h e  dimension 
TMBAS . 
NO. OF I T E M T I O N S  = number of i t e r a t i o n s  r equ i r ed  i n  the Gauss-Seidel 
technique  (SGMP2) t o  reduce t h e  sum of a l l  r e s i d u a l  
va lues  t o  a va lue  t h a t  i s  equa l  t o  o r  l e s s  t h a n  t h e  
p re sc r ibed  th re sho ld  va lue  ERROR. When us ing  t h e  
e l i m i n a t i o n  technique  (OPR02), t h e  p r in t -ou t  w i l l  show 
"NO. OF ITERATIONS = O". 
NO. OF SUBITERATIONS = number of i t e r a t i o n s  r equ i r ed  t o  b r i n g  one o r  more 
RE CHARGE 
of t h e  c a l c u l a t e d  w a t e r t a b l e  e l e v a t i o n s  w i t h i n  t h e  
p re sc r ibed  l i m i t s  UL(K) o r  OL(K) (see Chap. 3 Sec t .  
2 . 1 ) .  To d i s t i n g u i s h  t h i s  p rocess  from t h e  convergence 
p rocess ,  t h e s e  i t e r a t i o n s  are denoted as s u b i t e r a t i o n s .  
When t h e  number of s u b i t e r a t i o n s  i s  n o t  equa l  t o  z e r o ,  
t h e  pr in t -out  w i l l  show, under t h e  heading  DRAINAGE 
FLOW, t h e  amount(s) of a r t i f i c i a l  p e r c o l a t i o n  and/or  
a b s t r a c t i o n  necessa ry  t o  keep one o r  more of t h e  
c a l c u l a t e d  w a t e r t a b l e  e l e v a t i o n s  w i t h i n  t h e  p r e s c r i b e d  
l i m i t s .  ' 
= a reformat ted  playback of t h e  r echa rge  i n p u t  d a t a .  
T h i s  i s  t h e  lumped sum of t h e  r echa rge  components t h a t  
i n i t i a l l y  had the  dimension of a dep th  pe r  t i m e .  I n  
t h e  program t h i s  lumped sum i s  m u l t i p l i e d  by t h e  a r e a  
of t h e  nodal a r e a  concerned, so t h e  p r i n t e d  v a l u e s  
have t h e  dimension o f  a volume per t i m e .  A p o s i t i v e  
s i g n  means p e r c o l a t i o n  t o  t h e  a q u i f e r ,  o r  i f  i t  i s  n o t  
unconfined, p e r c o l a t i o n  t o  t h e  c o n f i n i n g  l a y e r ;  a 
nega t ive  s i g n  means a b s t r a c t i o n  from t h e  a q u i f e r  o r  
conf in ing  l a y e r .  
= t h e  c a l c u l a t e d  amount of  water s t o r e d  i n  o r  r e l e a s e d  
from t h e  conf in ing  l a y e r .  Th i s  va lue  i s  t h e  a l g e b r a i c  
product of t h e  change i n  head i n  t h e  c o n f i n i n g  l a y e r ,  
t h e  s to rage  c o e f f i c i e n t  of t h a t  l a y e r ,  and t h e  a r e a  of 
t h e  nodal a r e a  concerned. A p o s i t i v e  s i g n  means t h a t  
water i s  r e l eased  from the  l a y e r  and a n e g a t i v e  s i g n  





= t h e  c a l c u l a t e d  amount of water s t o r e d  i n  o r  r e l eased  
from t h e  a q u i f e r .  This  va lue  i s  t h e  a l g e b r a i c  product 
of t h e  d i f f e r e n c e  i n  head between t h e  a q u i f e r  and i t s  
conf in ing  l a y e r ,  t h e  v e r t i c a l  h y d r a u l i c  conduc t iv i ty  
of t h e  conf in ing  layer ,  and t h e  area of t he  nodal  a r e a  
concerned, d iv ided  by t h e  s a t u r a t e d  th i ckness  of the  
conf in ing  l a y e r .  A p o s i t i v e  s i g n  means t h a t  t h e  flow 
d i r e c t i o n  i s  from the  conf in ing  l a y e r  t o  t h e  a q u i f e r  
and a nega t ive  s i g n  t h a t  t h e  f low d i r e c t i o n  i s  from 
the  a q u i f e r  t o  t h e  conf in ing  l a y e r .  
CHANGE I N  STORAGE = t h e  c a l c u l a t e d  amount of water  s t o r e d  i n  o r  r e l eased  
I N  AQUIFER from t h e  a q u i f e r  i t s e l f .  This  v a l u e  i s  c a l c u l a t e d  in  
t h e  same way a s  t h a t  f o r  t h e  change i n  s t o r a g e  i n  the  
conf in ing  l aye r .  
TOTAL SUBSURFACE = t h e  c a l c u l a t e d  amount of water s t o r e d  i n  o r  r e l eased  
FLOW from t h e  nodal a r e a  concerned. T h i s  va lue  i s  t h e  n e t  
sum of the  subsur face  f lows  through a l l  t he  s i d e s  of 
t he  noda l  a r ea .  Each subsu r face  f low i s  t he  a l g e b r a i c  
product  of t he  h y d r a u l i c  g r a d i e n t  between t h e  node 
i t s e l f  and one of i t s  ne ighbour ing  nodes ,  t h e  hydrau- 
l i c  conduc t iv i ty ,  the  s a t u r a t e d  t h i c k n e s s  of t h e  
a q u i f e r  between these  nodes,  and t h e  l eng th  of t he  
nodal a r e a ’ s  s i d e .  A p o s i t i v e  s i g n  means t h a t  t h e r e  i s  
a n e t  in f low of subsu r face  flow i n t o  t h e  nodal  a r e a  
and a nega t ive  s i g n  means t h a t  t h e r e  i s  a n e t  outflow 
from t h e  nodal a r e a .  
= a playback of t he  r echa rge  i n p u t  d a t a .  This  i s  the  
lumped sum of t h e  r echa rge  components t h a t  a l r eady  had 
the  dimension of a volume per  t i m e .  A p o s i t i v e  s i g n  
means p e r c o l a t i o n  t o  t h e  a q u i f e r  and a n e g a t i v e  s ign  
means a b s t r a c t i o n  from t h e  a q u i f e r .  
= t h e  c a l c u l a t e d  q u a n t i t y  of water ,  a d d i t i o n a l l y  s t o r e d  
i n  o r  r e l e a s e d  from the  a q u i f e r ,  t o  keep t h e  water -  
t a b l e  between t h e  p re sc r ibed  l i m i t s .  A p o s i t i v e  s ign  
means a d d i t i o n a l  p e r c o l a t i o n  t o  t h e  a q u i f e r  and a 
nega t ive  s i g n ,  a d d i t i o n a l  a b s t r a c t i o n  from t h e  a q u i f e r .  
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For each t i m e  s t ep ,  t h e  a c t u a l  t i m e  and t h e  number of i t e r a t i o n s  and 
s u b i t e r a t i o n s ,  i f  any, a r e  p r in t ed .  Depending on t h e  a c t u a l  va lues  of LSW7 
and LSW8, wa te r t ab le  e l e v a t i o n s  a t  t h e  nodes and water balance components 
of t he  nodal a r e a s  are p r in t ed  over va r ious  t i m e  l e v e l s .  These water 
balance components should be read as fol lows:  
For unconfined and confined a q u i f e r s  t h e r e  i s  one water balance:  
recharge + change i n  s to rage  i n  a q u i f e r  + t o t a l  subsurface flow + 
pump flow + drainage flow = r e s i d u a l  value.  
For semi-confined a q u i f e r s  t h e r e  are two water balances,  one f o r  t h e  
aqu i f e r  i t s e l f  and one f o r  t h e  conf in ing  l a y e r :  
( i )  seepage flow + change i n  s t o r a g e  i n  a q u i f e r  + t o t a l  subsurface 
flow + pump flow + dra inage  flow = r e s i d u a l  value 
( i i )  recharge + change i n  s t o r a g e  i n  conf in ing  layer  - seepage 
flow = another  r e s i d u a l  va lue .  
With the  a i d  of the a c t u a l  values  of t h e  water balance components, t h e  use r  
can check whether t h e  r e s i d u a l  value f o r  the a q u i f e r  i s  accep tab le ;  i f  n o t ,  
he must choose a smaller value of ERROR (see Data Set I ) .  
Note: A s l i g h t  discrepancy e x i s t s  between the p r i n t e d  wa te r t ab le  e l e v a t i o n s  
and two of t h e  p r i n t e d  water balance components r e l a t e d  t o  the  w a t e r t a b l e  
e l eva t ions  ( i . e .  change i n  s to rage  and subsurface flow).  The values  of 
those water balance components correspond t o  wa te r t ab le  e l e v a t i o n s  as they 
were ca l cu la t ed  during the  second l a s t  i t e r a t i o n ,  whereas only i n  t h e  l a s t  
i t e r a t i o n  are the  wa te r t ab le  e l e v a t i o n s  ad jus t ed .  
4 . 2 . 4  Data Se t  I V  
b SGMP 3 
We have chosen t o  have t h i s  done by a l i n e  p r i n t e r  instead of a p l o t t e r  f o r  
two reasons.  The f i r s t  i s  t h a t  a p l o t t e r  works more slowly and i s  thus  more 
expensive t o  use,  and t h e  second i s  t h a t  not  eve ry  computer c e n t r e  has  
p l o t t e r  f a c i l i t i e s .  A disadvantage i s  t h a t  t h e  graphs c o n s i s t  of i s o l a t e d  
po in t s  i n s t ead  of continuous l i n e s .  
p re sen t s  t h e  wa te r t ab le  e l e v a t i o n s  a t  t h e  nodes i n  g raph ica l  form. 
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Presc r ibed  f o r  SGMP 3b 
which are read from a f i l e  (FILE 2)  - a r e  v a r i o u s  s i g n s  f o r  t h e  p l o t  and 
v a l u e s  f o r  th ree  e x t e r n a l  swi tches .  For the  c a l i b r a t i o n  process ,  the 
h i s t o r i c a l  wa te r t ab le  e l e v a t i o n s  are p r e s c r i b e d .  (For informat ion  on 
h i s t o r i c a l  wa te r t ab le  e l e v a t i o n s ,  see Chap. 2 Sect.  3 .1 ) .  For ope ra t iona l  
runs  t h e  va lues  of M I N O R ,  MAJOR, and LIST must be  r e r e a d .  
- a long  wi th  t h e  c a l c u l a t e d  wa te r t ab le  e l e v a t i o n s ,  
Defini t ions of input  VariabZes 
BLNK 








= always a blank. 
= a s i g n  t h a t  i n d i c a t e s  t h e  u n i t  of s c a l e .  
= a s i g n  t h a t  i n d i c a t e s  t h e  t en th  of t h e  u n i t  of s c a l e .  
= a s i g n  t h a t  i n d i c a t e s  when a computed wa te r t ab le  e l eva t ion  
f a l l s  o u t s i d e  t h e  maximum range of t h e  s c a l e .  
= a s ign  t h a t  i n d i c a t e s  t h e  p o s i t i o n  of a c a l c u l a t e d  wa te r t ab le  
e l e v a t i o n  i n  the  graph. 
= a s i g n  t h a t  i n d i c a t e s  when a h i s t o r i c a l  wa te r t ab le  e l e v a t i o n  
f a l l s  o u t s i d e  t h e  maximum range of t h e  scale. 
= a s ign  t h a t  i n d i c a t e s  t h e  p o s i t i o n  of a h i s t o r i c a l  wa te r t ab le  
e l e v a t i o n  i n  the  graph. 
= an e x t e r n a l  swi tch  t h a t  can be g iven  two va lues .  
S e t t i n g  LSW9 equal  t o  1 means t h a t  on ly  t h e  w a t e r t a b l e  e l e v a t i o n s  
a t  the  i n t e r n a l  nodes are p l o t t e d .  
S e t t i n g  LSW9 equal  t o  2 means t h a t  t h e  w a t e r t a b l e  e l eva t ions  a t  
t h e  i n t e r n a l  and e x t e r n a l  nodes are p l o t t e d .  Usually t h i s  i s  done 
only  once t o  provide  a v i s u a l  check of t h e  head-controlled bound- 
a r i e s .  
= an e x t e r n a l  swi tch  t h a t  can be g iven  two va lues .  
S e t t i n g  LSWlO equal  t o  1 means t h a t  bo th  c a l c u l a t e d  and h i s t o r i c a l  
w a t e r t a b l e  e l e v a t i o n s  are p l o t t e d .  Th i s  i s  r equ i r ed  f o r  t he  
c a l i b r a t i o n  p rocess ,  i n  which the  c a l c u l a t e d  wa te r t ab le  e l e v a t i o n s  
a r e  compared wi th  t h e  h i s t o r i c a l  ones.  
S e t t i n g  LSWlO equal  t o  2 means t h a t  on ly  t h e  c a l c u l a t e d  water- 
t a b l e  e l e v a t i o n s  are p l o t t e d .  This i s  done i n  ope ra t iona l  r u n s ,  
when no h i s t o r i c a l  water l e v e l s  are r equ i r ed  as input .  






= an  e x t e r n a l  switch t h a t  can be  given two v a l u e s .  
S e t t i n g  LSWll equa l  t o  1 means t h a t  an e r r o r  c a l c u l a t i o n  i s  made 
of t h e  d e v i a t i o n s  beween t h e  c a l c u l a t e d  and h i s t o r i c a l  w a t e r t a b l e  
e l e v a t i o n s .  For a l l  t h e  i n t e r n a l  nodes of t h e  network, t h e s e  
d e v i a t i o n s  a r e  c a l c u l a t e d  f o r  each t i m e  s t e p  f o r  which h i s t o r i c a l  
w a t e r t a b l e  e l e v a t i o n s  a r e  a v a i l a b l e ;  t h e  mean and s t anda rd  
d e v i a t i o n  are then  c a l c u l a t e d  and p r i n t e d  a t  t h e  end of a l l  t h e  
p l o t s .  
Note: We have found t h a t  a f t e r  having made some c a l i b r a t i o n  runs  
(Chap. 6 Sect.  1.1) w e  could n o t  always see whether t h e  r e s u l t s  
of t h e  l as t  c a l i b r a t i o n  run were an improvement on t h e  p reced ing  
ones ,  e s p e c i a l l y  when t h e  network c o n s i s t s  of a g r e a t  number of 
i n t e r n a l  nodes. We then  found t h a t  an e r r o r  c a l c u l a t i o n  could  be 
h e l p f u l .  The mean g ives  a gene ra l  i n d i c a t i o n  of whether t h e  model 
i s  predominantly underes t imat ing  o r  predominantly ove res t ima t ing  
t h e  measured wa te r t ab le  e l e v a t i o n s ,  whereas t h e  s tandard  dev i -  
a t i o n  g ives  a d i r e c t  measure of t h e  degree of improvement of any 
run over any previous  run. I n  g e n e r a l ,  one can  say t h a t  t h e  
smaller t h e  s tandard  d e v i a t i o n ,  t h e  b e t t e r  t h e  genera ted  w a t e r -  
t a b l e  behaviour,  even i f  t h e  mean i s  s l i g h t l y  h ighe r  than  i n  a 
p rev ious  run. It i s  s t r e s s e d  t h a t  t h e  a c t u a l  va lues  of  mean and 
s t anda rd  dev ia t ion  are only an exped ien t ;  f i r s t  of a l l ,  one must 
v i s u a l l y  in spec t  t h e  c a l c u l a t e d  w a t e r t a b l e  e l e v a t i o n s  and examine 
t h e  c a l c u l a t e d  water ba lance  components. 
S e t t i n g  LSWll equal  t o  2 means t h a t  no e r r o r  c a l c u l a t i o n  i s  made. 
In  product ion  runs  LSWl1 must be kade equal  t o  2 ,  because t h e r e  
a r e  then  no h i s t o r i c a l  wa te r t ab le  e l e v a t i o n s  t o  be compared. 
: I n  ope ra t iona l  runs  these  parameters should be g iven  v a l u e s  
t h a t  d i f f e r  from those  p re sc r ibed  i n  t h e  c a l c u l a t i o n  program. 
Suppose t h e  model i s  run f o r  30 y e a r s  with a time s t e p  of a f o r t -  
n i g h t  and t h e  boundary cond i t ions  a r e  p re sc r ibed  on a monthly 
b a s i s .  The parameters of t h e  t i m e  d i s c r e t i z a t i o n  are then:  
TMBAS : month 
DELTA : 0.5 
MINOR : 2 
MAJOR : 12 
LIST : 30 
Using t h e  same va lues  i n  t h e  p l o t  program would mean t h a t  t he  
w a t e r  l e v e l s  are p l o t t e d  f o r  each month, because they are p l o t t e d  
a t  the  end of each  f i r s t  accumulation l e v e l .  In  g e n e r a l ,  one w i l l  
n o t  need t h a t  much informat ion ,  and water l e v e l s  p l o t t e d  a f t e r  
e a c h  h a l f  yea r  w i l l  u s u a l l y  s u f f i c e .  The v a l u e s  of MINOR,  W O R ,  
and L I S T  a r e  then :  
M I N O R  : 12 
MAJOR : 6 0  
LIST : 1 
= h i s t o r i c a l  w a t e r t a b l e  e l e v a t i o n s  of t h e  a q u i f e r  f o r  a l l  i n t e r n a l  
nodes .  
H(K,M) 
The maximum range of t h e  p l o t  i s  t e n  u n i t s  of s c a l e ;  t h e  sca l e  i s  not 
f i x e d ,  but depends on t h e  range of t h e  h i s t o r i c a l  and c a l c u l a t e d  wa te r t ab le  
e l e v a t i o n s ;  t h e  minimum s c a l e  i s  1 metre and t h e  maximum 8 met res .  The 
number of w a t e r t a b l e  e l e v a t i o n s  p r i n t e d  i n  one p l o t  depends on t h e  value of 
MAJOR. When, f o r  i n s t a n c e ,  f o r  a c a l i b r a t i o n ,  h i s t o r i c a l  wa te r t ab le  elev- 
a t i o n s  a r e  a v a i l a b l e  on a monthly b a s i s  f o r  a pe r iod  of two y e a r s ,  the  
va lue  of MAJOR i s  24. I n  our  p l o t  program t h e  maximum number of wa te r t ab le  
e l e v a t i o n s  i n  one p l o t  i s  3 6 .  I f  one wishes t o  i n c r e a s e  t h i s  number, one 
must a d j u s t  t h e  va lue  of MAJOR i n  t h e  a r r a y  dimensions of SGMP 3 
Appendix I ) .  
I f  one i s  u s i n g  a mini-computer and i s  f a c i n g  problems of memory requi re -  
ments,  a s o l u t i o n  i s  t o  s p l i t  up t h e  p l o t s  by making MAJOR i n  Data Set I 
equa l  t o  12 .  Suppose t h a t  one i s  s imula t ing  a pe r iod  of ten  y e a r s  f o r  which 
h i s t o r i c a l  d a t a  are a v a i l a b l e  on a monthly b a s i s .  I f  t h e  va lues  of LIST and 
MAJOR i n  Data Set I have been chosen as 1 and 120 r e s p e c t i v e l y ,  t h e  value 
of MAJOR i n  t h e  a r r a y  dimensions of SGMP 3 must then  be ad jus t ed  t o  120 
and t h e  ou tpu t  of SGMP 3 w i l l  show f o r  each node a l l  t h e  120 h i s t o r i c a l  
and c a l c u l a t e d  w a t e r t a b l e  e l e v a t i o n s  i n  one p l o t .  For mini-computers such 
an inc rease  i n  t h e  va lue  of MAJOR could r e s u l t  i n  an e r r o r  message t h a t  t h e  
computer memory i s  n o t  b i g  enough t o  s t o r e  a l l ’ t h e  d a t a .  One can avoid t h i s  





i v e l y  and r educ ing  t h e  v a l u e  of MAJOR i n  t h e  a r r a y  dimensions t o  
w i l l  s u b s t a n t i a l l y  reduce  t h e  memory r equ i r emen t .  A s  a r e s u l t ,  t h  
2 .  T h i s  
o u t p u t  
b o f  SGMP 3 w i l l  show f o r  each  node 10 p l o t s  of 12 h i s t o r i c a l  and c a l c u l a t e d  
w a t e r t a b l e  e l e v a t i o n s .  A d i s a d v a n t a g e  i s  t h a t  t h e  i n t e r p r e t a t i o n  of  t h e  
r e s u l t s  i s  more d i f f i c u l t  because  t h e  d a t a  are sp read  over  v a r i o u s  p l o t s .  
Sequence of cards and data f o m a t s  
Table  4.5 shows t h e  i n p u t  sequence and d a t a  fo rma t s  f o r  d i r e c t  key punching  
of  t h e  d a t a  c a r d s  of  Data S e t  I V ;  t h e  o t h e r  r e q u i r e d  d a t a  a r e  r e a d  from a 
f i l e  ,(FILE 2 ) .  
Table  4.5 Card s t r u c t u r e  of Data S e t  I V  
Card No. N a m e  Format 
1 BLNK, H I ,  HMINUS, HX, ASTRSK, HY, PLUS, LSW9, LSWIO, 
2 MINOR,  MAJOR, LIST 314 
3 H(K,M), K = I , N N ,  M=l,MAJOR 8x ,9F8.2 
LSWl1 7A4,312 
Note t h a t :  
I f  LSW 
I f  LSW 
O i s  e q u a l  t o  1 ,  Card 2 i s  sk ipped .  
O i s  equa l  t o  2 ,  Cards 3 are sk ipped .  
4 .2 .5  Data  S e t  V 
The d a t a  r e q u i r e d  f o r  OPRO 1 are t h e  same as f o r  SGMP 1 :  d a t a  conce rn ing  
t h e  network,  and those  of t h e  h y d r o l o g i c a l  pa rame te r s  and o t h e r  v a r i a b l e s .  
The d a t a  a r e  processed  and s t o r e d  i n  t h e  memory (FILE 1 ) .  The o u t p u t  i s  
a l so  t h e  same a s  f o r  SGME' 1. 
Tp compose a Tec t ,angular  ,ne twork ,  a sys t em of r e c t a n g l e s  a n d f o r  squa res  i s  
superposed on t h e  a r e a  (F ig .  4 .3 ) .  An a r b i t r a r y  o r i g i n  i s  chosen wi th  t h e  
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x-axis  i n  h o r i z o n t a l  d i r e c t i o n  ( p o s i t i v e  t o  t h e  r i g h t )  and the  y-axis i n  
v e r t i c a l  d i r e c t i o n  ( p o s i t i v e  downwards). 
X 
+ 22 2: 22 3: 3; 
Y 
- i n t e r n a l  node 
o e x t e r n a l  node 
F ig .  4 . 3  Lay-out of r e c t a n g u l a r  network 
The i n t e r n a l  nodes of t h e  network a r e  numbered i n  a f i x e d  sequence, from 
l e f t  t o  r i g h t  ( p o s i t i v e  x - d i r e c t i o n )  row a f t e r  row. The e x t e r n a l  nodes of 
t h e  network a r e  a l s o  numbered i n  a f i x e d  sequence: f i r s t  t he  network's t o p  
boundary, then i t s  l e f t -  and r igh t -hand-s ide  boundar ies ,  and f i n a l l y  i t s  
bottom boundary. These nodes are numbered consecu t ive ly  i n  t h e  p o s i t i v e  
d i r e c t  i on .  
The fo l lowing  inpu t  v a r i a b l e s  are used f o r  t h i s  network: 
NX = number of i n t e r n a l  nodes i n  x -d i r ec t ion  
NY = number of i n t e r n a l  nodes i n  y -d i r ec t ion  
RX(I),I=l,NX = x-coord ina tes  of  t h e  i n t e r n a l  nodes along a l i n e  
p a r a l l e l  t o  t h e  y-axis 
RY(I),I=I ,NY = y-coord ina te s  of t h e  i n t e r n a l  nodes along a l i n e  
p a r a l l e l  t o  t h e  x-ax is  
COTBY = y-coord ina te  of t h e  e x t e r n a l  nodes of t he  top  boundary 
COBBY = y-coord ina te  of t h e  e x t e r n a l  nodes of t he  bottom 
b ound ar  y 
CORBX = x-coord ina te  of t h e  e x t e r n a l  nodes a t  right-hand-side 
boundary 
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COLBX = x-coordinate of t h e  e x t e r n a l  nodes a t  t h e  le f t -hand-  
s i d e  boundary 
Definitions of input variables 
I n  t h i s  program t h e  a q u i f e r  i s  assumed t o  be  homogeneous except  a long  i t s  
boundar ies ,  where o t h e r  hydrau l i c  c o n d u c t i v i t y  va lues  can be  p r e s c r i b e d .  









= upper boundary of t h e  a q u i f e r  system 
= lower boundary of t h e  a q u i f e r  system 
= s p e c i f i c  y i e l d  o r  s t o r a g e  c o e f f i c i e n t  of t h e  a q u i f e r  
= h y d r a u l i c  c o n d u c t i v i t y  of t h e  a q u i f e r  
= h y d r a u l i c  c o n d u c t i v i t y  a long  t h e  ne twork ' s  top  boundary 
= h y d r a u l i c  conduc t iv i ty  a long  t h e  ne twork ' s  bottom boundary 
= h y d r a u l i c  c o n d u c t i v i t y  a long  t h e  ne twork ' s  r igh t -hand-s ide  
boundary 
= h y d r a u l i c  conduc t iv i ty  a long  t h e  ne twork ' s  le f t -hand-s ide  
boundary 
These e i g h t  parameters a r e  needed f o r  a l l  t y p e s  of a q u i f e r .  I f  t he  a q u i f e r  
i s  semi-confined, t h r e e  a d d i t i o n a l  geohydrologica l  parameters  a r e  needed:  
STOCON 
PCONC 
T H I D  = t h i c k n e s s  of t h e  a q u i f e r  
The l a s t  parameter i s  a l s o  needed when t h e  a q u i f e r  i s  conf ined .  
The dimensions of a l l  t h e  above v a r i a b l e s  a r e  t h e  same as i n  SGMP I .  
= s p e c i f i c  y i e l d  of t h e  c o n f i n i n g  l a y e r  
= h y d r a u l i c  c o n d u c t i v i t y  of t h e  c o n f i n i n g  l a y e r  f o r  v e r t i c a l  flow 
Sequence of cards and data formats 
Table  4 . 5  shows t h e  input  sequence and d a t a  formats  f o r  d i r e c t  key punching 
of d a t a , c a r d s  of Data Se t  V .  
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Table  4 .5  Card s t r u c t u r e  o f  Data S e t  V I 
Card No. Name  Format I 
1 
1 TITLE 20 A4 / 2 O A4 
2 NX, NY, NSCONF, NCONF, NEXTN 514 
3 SLC, BLC, STO, CONDUC 2F4. O ,F7.5 , F8.4 
4 COTBY, COBBY, CORBX, COLBX, CONDTB, CONDBB, I 
5 TMBAS, D T I M ,  T, SCALE, LSWl 2A4,2F4.IyF8.O,I4 
6 DELTA, MINOR,  MAJOR, LIST F4.2,314 
I 
CONDRB, CONDLB 8F5.2 
7 ERROR, COEFFA 
8 LSW2, DELQ 
9 ULC, OLC 
I O  RX(I ) ,  I = I , N X  
1 1  RY(I) ,  I=I,NY 









Note t h a t :  
I f  LSW2 i s  e q u a l  t o  two, Card 9 i s  sk ipped .  
I f  NSCONF i s  e q u a l  t o  z e r o ,  Card 12 i s  s k i p p e d .  
I f  b o t h  NSCONF and NCONF are e q u a l  t o  z e r o ,  Card 13 i s  s k i p p e d .  
4 . 3  Program adaptations 
4.3 .1  A d a p t a t i o n s  t o  n o d a l  ne twork  
I 
Requi red  a t  t h e  b e g i n n i n g  o f  a l l  computer programs i s  a b lock  o f  a r r a y  
d i m e n s i o n s ,  a n  a r r a y  b e i n g  a c o l l e c t i o n  of v a r i a b l e s  of one s p e c i f i c  t y p e .  
PERM(7), f o r  i n s t a n c e ,  i s  a n  a r r a y  c a l l e d  PERM w i t h  7 v a r i a b l e s .  F i g u r e  4.4 
p r e s e n t s  p a r t  o f  t h e  l i s t i n g  of SGMP 1 showing t h e  a r r a y  d imens ions .  
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C G R O U N D Y A T E R M O D E ~ ~ P A R T ~  I READING INPUT D A T A ( P O L Y G O N S / I N H O M O G ~ N ~ ~ S )  
INTEGER T N N  
REAL LENGTH 
DIHENSION P~RM(7),NS(7),TITLE(48)ltWBAS(~) 
DIMENSION A S C (  NNI VUL( NN) ,OL( NN) , A R E A (  NN) , A S (  NN) ,SI,( NN) 
DIMENSION BL(TNN),NSIDC( NNItPCONfC NN),NReL( NN,lI,CONDU( NN,7] 
DIHENSIDN CD(TNN,21 
Fig .  4 . 4  Array dimensions (SGMP 1 )  
O f  t h e  a r r a y  dimensions i n  our programs, t h e  on ly  ones t h a t  may need t o  be 
adapted are those  r e l a t e d  t o  t h e  nodal  network. The network used i n  t h e  
programs comprises 71  i n t e r n a l  nodes,  s i g n i f y i n g  nodal a r e a s ,  and 39 
e x t e r n a l  nodes,  s i g n i f y i n g  boundary c o n d i t i o n s  - a t o t a l  of 110 nodes .  I f  
t he  u s e r ' s  network comprises 110 nodes o r  less ,  no ad jus tments  need t o  be 
made i n  t h e  network a r r a y  dimensions.  I f  h i s  network comprises more than  
110 nodes,  however, he must i n c r e a s e  t h e  a r r a y  dimensions acco rd ing ly .  I f  
h i s  computer has i n s u f f i c i e n t  memory c a p a c i t y  t o  cope wi th  I10 nodes ,  he  
must reduce t h e  a r r a y  dimensions acco rd ing ly .  
The complete l i s t i n g s  of ou r  programs i s  g iven  i n  Appendix I .  I n  t h e s e  
l i s t i n g s  t h e  a r r a y  dimensions of t h e  noda l  network a r e  p re sen ted  as NN and 
TNN, wi th  NN denot ing  t h e  number of i n t e r n a l  nodes and TNN t h e  t o t a l  number 
of nodes ( i n t e r n a l  + e x t e r n a l ) .  I f  t h e  u s e r ' s  network compr ises ,  s a y ,  90 
i n t e r n a l  nodes and 44 e x t e r n a l  nodes,  he must r e p l a c e  NN wi th  90 and TNN 
wi th  134 i n  a l l  t h e  programs t h a t  he uses .  
4 .3 .2  Adapta t ions  t o  computer . sys tems 
Each computer c o n s i s t s  of a " c e n t r a l  memory", i n  which t h e  c a l c u l a t i o n s  are 
performed, and "pe r iphe ra l  devices" ,  which p rov ide  f o r  t h e  i n p u t / o u t p u t  
handling. The phe r iphe ra l  dev ices  used i n  ou r  programs are t h e  "card-read- 
e r " ,  t h e  " l i n e  p r i n t e r " ,  and "two s c r a t c h  f i l e s  on t h e  d i s k  mass s torage" .  
Assigned t o  each  device  i s  a " l o g i c a l  dev ice  number", which d i f f e r s  from 
one computer t o  another .  In  our  source  programs, t he  l o g i c a l  dev ice  number 
f o r  t h e  c a r d  r eade r  i s  8 ,  t h a t  f o r  t h e  l i ne  p r i n t e r  i s  5 ,  and t h o s e  f o r  t h e  
two s c r a t c h  f i l e s  a r e  1 and 2. F igu re  4 . 5  shows p a r t  of t h e  l i s t i n g  of SGMP 
2 as an i l l u s t r a t i o n .  
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F i g .  4.5 Logica l  d e v i c e  numbers 
I f  t h e  computer o p e r a t o r  p r e s c r i b e s  o t h e r  v a l u e s  f o r  t h e  l o g i c a l  dev ice  
numbers, t h e  new v a l u e s  must be i n s e r t e d  i n  a l l  t h e  programs. 
Cyber computer systems r e q u i r e  t h a t  t h e  f i r s t  ca rd  of each  source  program 
b e  a "program card". A program ca rd  s t a t e s  t h e  name of t h e  program, t h e  
p h e r i p h e r a l  dev ices  used ,  and t h e i r  l o g i c a l  dev ice  numbers. 
F i g u r e  4 . 6  shows t h e  program c a r d s  f o r  t h e  f o u r  sou rce  programs of t h e  pro- ' 
gram package. 
Our programs are s u i t a b l e  f o r  computers i n  which a "word" con ta ins  a t  l e a s t  
16 "b i t s " .  I f  t h e  u s e r ' s  computer h a s  fewer b i t s  i n  a word, t h e  accuracy  of 
t h e  r e s u l t s  w i l l  be endangered .  He i s  then  advised  t o  use  "double p r e c i -  
s ion" ,  which i s  achieved  by i n s e r t i n g  c e r t a i n  c a r d s  a f t e r  t h e  f i r s t  c a r d  i n  
e a c h  source  program. F igu re  4.7 shows an  example of  such ca rds .  Depending 
on  t h e  F o r t r a n  compi le r  f e a t u r e s  i n  use i n  t h e  system, d e c l a r a t i v e s  o t h e r  
t h a n  " i m p l i c i t  r ea l*8"  and " rea l*8"  may have t o  be used .  
I n p u t  d a t a  P R O G R A M  L I N P U T ~ I N P U T , O U T P U ~ , T A P E B . I N P U l ~ T A P E ~ ~ O U T P U l ~ l A P E l ~  
C a l c u l a t i o n  P R O G R A M  t A L C U ( I N P U T , O U 1 P U l , l A P ~ 8 ~ I N P U l , T A P E S ~ O U T ~ U T , T A P E l , T A P E 2 J  
Pr i n t  -ou t  P R O G R A M  P R I N T ( I N P U T , O U T P ~ l f , l A P E B ~ I N P U T , l A P E 5 ~ O U T P U l , T A P E 2 )  
Plo t -ou t  P R O G R A M  P ~ O l ( I N P U l , O U T P U T ~ T A P E B ~ I N P U l ~ T A P E 5 ~ O U l P U l ~ l A P E 2 l  
F i g .  4 . 6  Examples of program c a r d s  
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I n p u t  data I M P L I C I T  RE AL^^ (A-H,O-S,U-Z) 
REAL.8 TMBAS,T 
Fig. 4.7  Example of  c a r d s  f o r  double  p r e c i s i o n  
4.4  Some remarks f o r  the system manager 
(If t h e  system manager i s  n o t  a v a i l a b l e ,  t h e  u s e r  should c o n s u l t  e i t h e r  t h e  
s h i f t - l e a d e r  o r  o p e r a t o r ) .  
The program c o n s i s t s  of e i t h e r  t h r e e  o r  f o u r  sou rce  programs, depending on 
which combination i s  chosen by t h e  u s e r  ( see  a l s o  F ig .  4 . 1 ) .  Each program 
i s  fo l lowed by i t s  own d a t a  set .  The programs must be r u n  i n  one ba tch  
s t r i n g  and i n  a c e r t a i n  sequence. F igu re  4.8 shows t h e  s t r u c t u r e  of t h e  
deck of c a r d s  used f o r  t h e  fou r  programs of SGMP.  P l e a s e  adv i se  t h e  u s e r  
which j o b  c o n t r o l  language c a r d s  he should use  t o  run t h e  program. 
While t h e  programs a r e  be ing  run, t h e r e  i s  a d a t a  t r a n s f e r  from o r  t o  
s c r a t c h  f i l e s  on t h e  d i s k  mass s t o r a g e .  These f i l e s  a r e  unformat ted  and i n  
b ina ry  form. F i l e  1 i s  c r e a t e d  i n  t h e  f i r s t  sou rce  program and i s  used i n  
the  second. I t s  r eco rds  a r e  as fo l lows :  
W R I T E  I D S K I  D E L 0  C O E F F A ~ T , N N ~ N O , T N N , E R R O R , D ~ L T A ~ N C O N F , L S W l  
M R I T E  ( I D S K 1 )  
W R I 0 E  ( I D S K I )  
IF(NCONF,GT,B) W R I T E ( I D S I 1 1  ( C O ( I , P ) , I ~ l , N C O N F I  
I F  (NSCONF*GT,B I  
W R I T E  I I D S K l {  T I T L k , T M B A S ,  (EL(K1,  K R 1 1  TNN) , L I S T , H A J O R ,  MINOH,NSCONV 
( U L  ()o , O L ( K I  
( ( N R E L  (Kt J) , CONOU ( K ,  J) S L  ( K I  , AREA ( K I ,  AS ( K I ,  N S I D E  ( K )  , K I 1  , N N I  J.117) , K * I V N N I  
( L S C  ( K )  , PCONF ( K I  , K.1, NSCONP) WRITE ( I D S K  1 ) 
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EOR: end of record 
EOF: end of file 
* need for job control language cards 
Fig .  4 . 8  Example of deck s t r u c t u r e  
I n  t h e  second source  program, a n o t h e r  f i l e ,  FILE 2 ,  i s  c r e a t e d  and i s  used  
i n  t h e  t h i r d  o r  f o u r t h  programs o r  bo th ,  depending on t h e  combinat ion of  
programs chosen.  I t s  r e c o r d s  are as f o l l o w s :  
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Depending upon t h e  values  of the a r r a y  dimensions,  t h e r e  can be a problem 
o f  f i nd ing  enough space on the  d i s k  mass s to rage .  An  a l t e r n a t i v e  would then 
b e  t o  t r a n s f e r  t hese  two d a t a  f i l e s  t o  magnetic tape.  
I f  t h e  programs a r e  t o  be run o f t e n ,  make reloadable  modules of t he  source 
programs and a d j u s t  the job  c o n t r o l  language cards  accordingly.  
I33 
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5 SAMPLE RUN 
5.1 I n t r o d u c t i o n  
Before a program can be run on a computer, t he  d a t a  have t o  be  t r a n s f e r r e d  
from maps t o  a nodal network, from a nodal network t o  t a b l e s ,  and f i n a l l y  
from t a b l e s  t o  computer cards .  We s h a l l  i l l u s t r a t e  t h e  p rocess  wi th  a hypo- 
t h e t i c a l  example. By us ing  a h y p o t h e t i c a l  example i n s t e a d  of a r e a l  one ,  w e  
can r e s t r i c t  t he  number of nodal a r e a s  t o  only a few, thus  avo id ing  t h e  re- 
production of lengthy  t a b l e s .  A hypo the t i ca l  example a l s o  g ives  us t h e  
freedom t o  in t roduce  va r ious  boundary cond i t ions  and t o  impose a r b i t r a r y  
hydro log ica l  stresses on the  a q u i f e r  system. 
For ou r  example we s h a l l  use t h e  complete s e t  o f  t h e  S tandard  Groundwater 
Model Package (SGMF'), which means t h a t  w e  must p repa re  f o u r  d a t a  sets.  
5 .2  D e s c r i p t i o n  of t h e  area 
Our hypo the t i ca l  a r e a  r e p r e s e n t s  p a r t  of a graben v a l l e y .  The v a l l e y  o r i g -  
i n a t e s  from a downfaulting between two WNW-ESE s t r i k i n g  f a u l t s  of which 
only  one i s  shown ìn Figure  5.  I .  To the  w e s t ,  a n o t h e r  f a u l t  c r o s s e s  t h e  
v a l l e y  from n o r t h  t o  south .  Massive g r a n i t e  b locks  form t h e  v a l l e y  w a l l s .  
On t h e  upthrown block t o  t h e  w e s t ,  a r e l a t i v e l y  t h i n  sands tone  a q u i f e r  
o v e r l i e s  t h e  g r a n i t i c  bedrock. A r i v e r  e n t e r s  t h e  downthrown block through 
a gorge.  The downthrown block i s  e n t i r e l y  f i l l e d  wi th  unconsol ida ted  r i v e r  
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Fig. 5. 1 Hypothetical area 
m above 
m.s. I. s 
:- 
: : :sandstone 
i 
O 5 10 k m  
Fig. 5.2 Longitudinal section of the hypothetical area 
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sediments whose g r a i n  s i z e s  v a r y  from v e r y  coa r se  a t  t h e  mouth of t h e  gorge 
t o  f i n e r  t ex tu red  downstream. A t r i b u t a r y ,  r i s i n g  on t h e  southern  g r a n i t i c  
b lock ,  has b u i l t  an a l l u v i a l  f a n  i n t o  t h e  v a l l e y .  The c o a r s e  material of 
t h e  f an  becomes p r o g r e s s i v e l y  f i n e r  g ra ined  downstream. A s tudy  of a v a i l a b l e  
w e l l  logs  r e v e a l s  t h a t  a t h i c k  bed of s h a l e  u n d e r l i e s  t h e  r i v e r  sed iments  
of  t h e  downthrown b lock ;  t h e  s u r f a c e  of t h e  s h a l e  d i p s  i n  downstream 
d i r e c t i o n .  The geology of t h e  a r e a  i s  shown schemat i ca l ly  i n  F igu re  5.1 and 
a geologic s e c t i o n  i n  F igu re  5 . 2 .  
A groundwater model i s  r e q u i r e d  f o r  the  area bounded by t h e  r i v e r  and i t s  
t r i b u t a r y ,  t h e  WNW-ESE f a u l t ,  and the  wes tern  N-S f a u l t .  The a v a i l a b l e  l o g s  
of w e l l s  and bo reho les  and r e a d i n g s  from obse rva t ion  w e l l s  and some double  
piezometers r e v e a l  t h a t  t h e  a q u i f e r  i s  unconfined. The t o t a l  a r e a  of t h e  
a q u i f e r  t o  be modelled i s  78 km'. 
The boundary c o n d i t i o n s  are de f ined  a s  fo l lows :  
As t he  river and i t s  t r i b u t a r y  a r e  p e r e n n i a l ,  t hey  are cons idered  t o  
r ep resen t  head-cont ro l led  boundaries.  Although t h e i r  water l e v e l s  
change i n  t h e  course  of t h e  year ,  mean f ixed  water l e v e l s  are assumed 
i n  the  c a l c u l a t i o n s .  
I n  the sou th ,  t h e  WNW-ESE f a u l t  i s  cons idered  t o  r e p r e s e n t  a ze ro  f low 
boundary because t h e  a q u i f e r  t e rmina te s  t h e r e  a g a i n s t  t h e  massive 
block of g r a n i t e  which does  not  t r ansmi t  any a p p r e c i a b l e  amount of 
groundwater. 
I n  t he  w e s t ,  t h e  N-S f a u l t  i s  cons idered  t o  r e p r e s e n t  a f low-con t ro l l ed  
boundary, because t h e  sandstone ove r ly ing  t h e  g r a n i t e  c o n t a i n s  a 
wa te r t ab le  t h a t  s t ands  h i g h e r  than t h a t  i n  t h e  a q u i f e r  t o  t h e  east  o f  
t he  f a u l t .  From a v a i l a b l e  d a t a  on r a i n f a l l  and s u r f a c e  r u n o f f ,  we 
assume an  average  p e r c o l a t i o n  of r a i n  i n  the  sands tone  t h a t  c o r r e -  
sponds wi th  an average  groundwater f low a c r o s s  t h i s  f a u l t  of 15 11s 
per  km l e n g t h  of t he  f a u l t .  
F igu re  5.3 shows t h e  c o n f i g u r a t i o n  of t h e  nodal  network used f o r  t h e  
example. The f i v e  i n t e r n a l  nodes  (Nodes 1 t o  5 )  were s e l e c t e d  a r b i t r a r i l y .  
The ex te rna l  nodes needed t o  c o n s t r u c t  t h e  network are those  i n  t h e  r i v e r  
and i t s  t r i b u t a r y  (Nodes 6 t o  1 1 )  and those  beyond t h e  f a u l t s :  Node 12 
(oppos i t e  Node 4 ) ,  Nodes 13 and 14 (oppos i t e  Node 5 ) ,  and Node 15 ( o p p o s i t e  
Node 1 ) .  A s  exp la ined  i n  Chapt. 3 Sec t .  4 t he  Thiessen method was used t o  
c o n s t r u c t  t h e  network. 137 
A s  shown i n  Figure 5.3,  the a rea  i s  modelled i n  f i v e  nodal a r eas ,  so  NN i s  
5.  The boundaries a re  represented by I O  e x t e r n a l  nodes, s o  NEXTN = 10. 
Figure 5.2 shows t h a t  the modelled a r e a  i s  p a r t  of an unconfined a q u i f e r ,  




The number of s i d e s  o f  each nodal area and t h e  coord ina te  v a l u e s  of  each  
node a r e  read  from F igure  5.3. These d a t a  are p resen ted  i n  Table  5.1.  
Table 5.1 Parameters  of network c o n f i g u r a t i o n  
CO (K ,  1 CO (K ,2) 
(x-coordinate) (y-coord ina te)  NSIDE (K) 
Number of 
node K 
I 5 4.45 12.55 
2 5 8.80 12.80 
3 6 8.35 9.25 
4 5 8.35 4.90 
5 5 3.75 6.30 
6 - 4.50 13.55 
7 - 8.60 13.90 
8 - 14.20 14.15 
9 - 14.40 11.30 
I O  - 13.15 7.20 
1 1  - 11.75 2.80 
12  - 7.35 I .55 
13 - 2.75 3.00 
1 4  - 1.35 6.55 
15 - 2.05 12.80 
1 ’ Note: The coord ina te s  of t h e  e x t e r n a l  nodes must a l s o  be p r e s c r i b e d  as t h e s e  va lues  enable  t h e  computer t o  c a l c u l a t e  t he  area of each  nodal  area. 
5.3.2 Parameters of dimensions 
Recharge and a b s t r a c t i o n  rates and t h e  cond i t ions  a long  t h e  head-con t ro l l ed  
boundar ies  a r e  known on a monthly b a s i s ,  so W A S  = MONTH, and DMTIM = 
30.5. The c a l c u l a t i o n s  a r e  s t a r t e d  on I December (T=O). The scale of t h e  
map on which t h e  nodal  network i s  drawn i s  1:100,000, so SCALE = 100,000. 
Because t h e  h y p o t h e t i c a l  a r e a  i s  l a r g e ,  t h e  dimensions f o r  area and volume 
a r e  taken  as 1,000,000 square  metres and 1,000,000 cub ic  metres, r e s p e c t -  
i v e l y ,  so LSWl = 1. 
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5.3.3 Parameters  of t i m e  d i s c r e t i z a t i o n  
A t i m e  s t e p  of one month i s  chosen f o r  t h e  c a l c u l a t i o n  procedure ,  so  
DELTA=l ,  TMBAS b e i n g  one month. The t o t a l  time pe r iod  f o r  which t h e  c a l c u -  
l a t i o n s  are t o  be  made i s  taken  as one y e a r .  Because t h e  a l g e b r a i c  product  
of t h e  va lues  of DELTA, MINOR,  MAJOR, and LIST must be  equa l  t o  t h e  t o t a l  
t i m e  p e r i o d  expressed  i n  t h e  u n i t  TMBAS, t h e  fo l lowing  a r b i t r a r y  va lues  
have been chosen: 
MINOR : 1 
MAJOR : 12 
L I S T  : 1 
5.3 .4  Geohydrological parameters  
A s  w e  assume t h e  presence  of an unconfined a q u i f e r  throughout t h e  v a l l e y ,  
w e  must prepare  mean h y d r a u l i c  c o n d u c t i v i t y  v a l u e s  f o r  a l l  s i tes  where 
a q u i f e r  tes ts  took  p l a c e  o r  where boreholes  o r  w e l l s  were d r i l l e d .  
F igu re  5.4 shows t h e  network superimposed on t h e  isoperm map, which shows 
l i n e s  of equal  weighted mean hydrau l i c  c o n d u c t i v i t y .  
For a l l  t h e  s i d e s  of t h e  nodal areas, a r e p r e s e n t a t i v e  h y d r a u l i c  conduct iv-  
i t y  PERM(J) (m/d) i s  determined, e i t h e r  by i n t e r p o l a t i o n  o r  by t h e  ca l cu -  
l a t i o n  of a weighted mean va lue ,  depending on whether t h e  isoperms are 
p a r a l l e l  o r  pe rpend icu la r  t o  t h e  s i d e s ,  r e s p e c t i v e l y .  
' 
Note: The WNW-ESE f a u l t  r e p r e s e n t s  a b a r r i e r  boundary. I ts  hydrau l i c  
c o n d u c t i v i t y  i s  t h e r e f o r e  zero .  The N-S f a u l t  i s  a f low-cont ro l led  boundary 
b u t  i t s  h y d r a u l i c  conduc t iv i ty  i s  s e t  equa l  t o  ze ro  because t h e  groundwater 
i n f l o w  t h e r e  i s  accounted f o r  i n  t h e  n e t  pumped a b s t r a c t i o n s  of Nodal Areas 
1 and 5. 
A s  t h e  a q u i f e r  i s  unconfined, we now need r e p r e s e n t a t i v e  va lues  of t h e  
s p e c i f i c  y i e l d  i n  t h e  nodal  a r e a s .  In  F igu re  5.5 t h e  network i s  super- 
imposed on t h e  map showing l i n e s  of equal  weighted mean s p e c i f i c  y i e l d  of 
t h e  a q u i f e r .  As  exp la ined  ear l ie r ,  t h i s  map i s  compiled from a q u i f e r  t e s t  
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O 2 L k m  
F i g .  5 . 4  
e q u a l  weighted mean h y d r a u l i c  c o n d u c t i v i t y  (m/d) 
Network superimposed on t h e  isoperm map, which shows l i n e s  
O 2 L km 
of 
F i g .  5.5 
mean s p e c i f i c  y i e l d  of t h e  a q u i f e r  
Network superimposed on t h e  map showing l i n e s  of e q u a l  we igh ted  
, 4 ,  
d a t a  and by e s t ima t ing  weighted mean s p e c i f i c  y i e l d  values  C O ( K , l )  from 
bore  and w e l l  l ogs  over a s e c t i o n  extending from t h e  land su r face  t o  some 
10 t o  2 0  m below the  average wa te r t ab le  depth.  Representat ive s p e c i f i c  
y i e l d  va lues  f o r  a l l  the  nodal  a r e a s  are determined from the í so - spec i f i c  
y i e l d  l i n e s  and weighted over the area of each nodal  a r ea .  
5 .3 .5  Topographical parameters 
A study of a v a i l a b l e  well l o g s ,  bore l o g s ,  and geophysical d a t a  shows t h a t  
a t h i c k  bed of sha le  r e p r e s e n t s  t he  impermeable base of the aqu i f e r .  Owing 
t o  t e c t o n i c  events  i n  the p a s t ,  t he  s u r f a c e  of t h e  s h a l e  i s  not  h o r i z o n t a l  
b u t  s lopes  from w e s t  t o  east .  
Figure 5.6 shows t h e  network superimposell on a contour  map of t he  sha le  
su r face .  The conf igu ra t ion ,  g rad ien t ,  and e l e v a t i o n  of t h i s  su r f ace  can be 
de r ived  from t h i s  map and t h e  weighted mean e l e v a t i o n  f o r  each of the nodal 
areas can be determined. The r e s u l t s  are ind ica t ed  a t  each node i n  m above 
mean sea l e v e l .  
Note: E leva t ions  of t he  impermeable base  a r e  r equ i r ed  no t  only f o r  t he  
i n t e r n a l  nodes but a l s o  f o r  t he  nodes i n  t h e  r i v e r s ,  which a r e  head-control-  
l e d .  No such e l eva t ions  are needed f o r  t h e  e x t e r n a l  nodes t o  t h e  south and 
w e s t  of t h e  two f a u l t s .  
Figure 5.7 shows t h e  network superimposed on t h e  topographical map showing 
contour  l i n e s  of t h e  land su r face  i n  m above mean sea  1evel:The weighted 
mean land su r face  e l e v a t i o n s  of t h e  f i v e  nodal areas a r e  indicated a t  each 
node. 
I n  our example, no r e s t r i c t i o n s  are imposed on t h e  wa te r t ab le  f l u c t u a t i o n s ,  
s o  LSW2 = 2 .  This means t h a t  t he  c a l c u l a t i o n  program only checks whether 
t h e  wa te r t ab le  e l eva t ions  remain w i t h i n  t h e  imposed l i m i t s  defined by t h e  
impermeable base and the land su r face  e l e v a t i o n s .  
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Fig. 5.6 
impermeable s h a l e  under ly ing  t h e  a q u i f e r  
Network superimposed on t h e  contour map of  t h e  su r face  of t h e  
O 2 L km -
Fig .  5.7 Network superimposed on t h e  topograph ica l  contour  map 
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5.3.6 I n i t i a l  cond i t ions  
A s  explained ear l ie r ,  i n i t i a l  water table  e l e v a t i o n s  a r e  needed f o r  a l l  in-  
t e r n a l  and head-controlled nodes. To obtain these  values ,  a watertable- 
contour map i s  made f o r  t he  d a t e  on which the c a l c u l a t i o n  process s t a r t s .  
This map i s  based on da ta  from observat ion w e l l s  and/or piezometers and on 
water l e v e l  d a t a  of t h e  r i v e r s .  I n  our example w e  assume t h a t  the water 
l e v e l s  of the e x t e r n a l  nodes in  the r i v e r s  a r e  f ixed .  
In Figure 5.8 t h e  network i s  superimposed on the  contour map of the i n i t i a l  
wa te r t ab le  (HZERO),  which shows l i n e s  of equal wa te r t ab le  e l eva t ion .  These 
l i n e s  a r e  used t o  determine a weighted mean wa te r t ab le  e l eva t ion  for  a l l  
nodal areas .  The mean values  in  m above mean sea  l e v e l  a r e  indicated a t  
each node. 
O 2 L k m  -
Fig.  5 .8  Network superimposed on the i n i t i a l  wa te r t ab le  contour map 
(HZERO map) 
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5.3.7 Boundary c o n d i t  i o n s  
Rain i s  the  on ly  source  of groundwater r echa rge  i n  t h e  a rea .  R a i n f a l l  d a t a  
a r e  a v a i l a b l e  from a s i n g l e  me teo ro log ica l  s t a t i o n .  Taking i n t o  account t h e  
s i z e  of the  a r e a  and t h e  f a c t  t h a t  on ly  one s t a t i o n  exists i n  i t ,  w e  s h a l l  
assume t h a t  t h e  r a i n f a l l  i s  r e g u l a r l y  d i s t r i b u t e d  ove r  the a r e a .  The 
p o r t i o n  of r a i n  t h a t  r e a c h e s  t h e  groundwater, depends on s e v e r a l  f a c t o r s :  
t h e  depth of t h e  r a i n f a l l  
t h e  s lope  of t h e  area 
whether t h e  area h a s  a v e g e t a t i v e  cover  ( t r e e s ,  c rops)  o r  i s  b a r r e n  
land 
t h e  i n f i l t r a t i o n  c a p a c i t y  of t h e  s o i l  
t h e  s o i l  mo i s tu re  c o n d i t i o n s  of t h e  unsa tu ra t ed  zone 
Table 5 . 2  g ives  t h e  monthly r a i n f a l l  f o r  t h e  s t a t i o n  and the  co r re spond ing  
deep p e r c o l a t i o n  t o  t h e  groundwater which we have e s t ima ted  by assuming 
c e r t a i n  va lues  f o r  t h e  d i f f e r e n t  f a c t o r s .  
Table 5 . 2  Monthly r a i n f a l l  and deep p e r c o l a t i o n ,  i n  nun 
R a i n f a l l  J F M A M J J A S O N D T o t a l  
13 24 2 44  89  46 121 184 323 207 16 36 1105 
Deep p e r c o l a t i o n  
O O O O 19 I O  25 29 56 38 O O 177 
The e n t i r e  v a l l e y  bottom i s  used f o r  a g r i c u l t u r e .  Supplementary i r r i g a t i o n  
i s  needed t o  grow two c rops  a year .  To meet t h e  water  requi rements ,  ground- 
water i s  pumped from w e l l s  which are s c a t t e r e d  over t h e  a rea .  The i r  l oca -  
t i o n ,  d i scha rge ,  and t i m e  o f  ope ra t ion  are known. Table  5 . 3  shows t h e  
monthly groundwater a b s t r a c t i o n s  from each nodal  area. 
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Table  5 . 3  Monthly groundwater a b s t r a c t i o n s  i n  m i l l i o n  m 3  i n  t h e  Nodal Areas 
1 t o  5 
~~ 
Month Nodal areas 
1 2 3 4 5 Tota l  
J anua ry  
February  
March 
A p r i l  
June  
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+ O .  32 
-1.58 
-2.89 
Note: The a b s t r a c t i o n s  of Nodes 1 and 5 have  been ad jus t ed  f o r  t he  la teral  
groundwater i n f low a c r o s s  t h e  N-S f a u l t .  It i s  assumed t h a t  t h i s  in f low (15 
l / s  p e r  km l e n g t h  of t h e  f a u l t )  i s  c o n s t a n t .  For Nodes 1 and 5 t h i s  c o r r e -  
sponds t o  0.14 and 0.18 m i l l i o n  m 3  pe r  month, r e s p e c t i v e l y .  The ne t  a b s t r a c -  
t i o n  i n  these  nodes i s  t h e  a l g e b r a i c  sum of t h e  real a b s t r a c t i o n  and t h e  
groundwater in f low.  
The area has t h r e e  t y p e s  of boundary c o n d i t i o n s ,  v i z .  zero-flow, flow- 
c o n t r o l l e d ,  and head-cont ro l led .  Because t h e  h y d r a u l i c  conduc t iv i ty  f o r  
zero-flow and f low-con t ro l l ed  boundar ies  i s  set equa l  t o  zero ,  t he  on ly  
w a t e r t a b l e  e l e v a t i o n s  t h a t  need t o  be p r e s c r i b e d  a r e  those  f o r  t he  head- 
c o n t r o l l e d  boundar ies .  The nodal network (F ig .  5 .3)  has  s i x  e x t e r n a l  nodes 
t h a t  s imula te  head-cont ro l led  boundar i e s ,  v i z .  Nodes 6 ,  7 ,  8 ,  9 ,  10, and 
1 1 .  Table  5.4 shows t h e  v a l u e s  of t h e s e  e x t e r n a l  water l e v e l s ,  which are 
k e p t  cons t an t .  
Note: The u s e r  should be  aware of t h e  s p e c i a l  problems t h a t  a low-flow 
r i v e r  may pose when used as a ' head -con t ro l l ed  boundary. I f  water i s  t o  be 
a b s t r a c t e d  from w e l l s  i n  i t s  neighbourhood, t h e  r i v e r  may d ry  up wi thout  
t h e  model n o t i c i n g  i t .  Another, i n f i n i t e  sou rce  w i l l  then  act as. boundary. 
A second problem i s  t h a t  r i v e r s  may have a low-permeabili ty bed ,  i n c r e a s i n g  
t h e i r  r a d i a l  resistance t o  groundwater f low and r e s t r i c t i n g  recharge ( see  
Chap. 6. Sec t .  2 .2) .  146 
1 Table 5.4 Data of water l e v e l s  a t  head-controlled boundaries (m above m.s.1.) 
Month External  node no. 
~ 
6 7 8 9 I O  1 1  12 13 14 15 
January 571.4 569.7 568.5 569.0 570.0 572.0 - - - - 
February 571.4 569.7 568.5 569.0 570.0 572.0 - - - - 
1 March 571.4 569.7 568.5 569.0 570.0 572.0 - - - - 
Apr i l  571.4 569.7 568.5 569.0 570.0 572.0 - - - - 
571.4 569.7 568.5 569.0 570.0 572.0 - - - - 
June 571.4 569.7 568.5 569.0 570.0 572.0 - - - - 
May 
J u l y  571.4 569.7 568.5 569.0 570.0 572.0 - - - 
August 571.4 569.7 568.5 569.0 570.0 572.0 - - - - 
September 571.4 569.7 568.5 569.0 570.0, 572.0 - - - - 
October 571.4 569.7 568.5 569.0 570.0 572.0 - - - - 
November 571.4 569.7 568.5 569.0 570.0 572.0 - - - - 
December 571.4 569.7 568.5 569.0 570.0 572.0 - - - - 
- 
5.3 .8  H i s t o r i c a l  wa te r t ab le  e l e v a t i o n s  
For t h e  f i v e  i n t e m a l  nodes of t h e  network, monthly wa te r t ab le  e l e v a t i o n s  
have been der ived.  Table 5 .5  shows these  d a t a .  This  t a b l e  i s  needed i n  t h e  
c a l i b r a t i o n  phase when t h e  c a l c u l a t e d  w a t e r t a b l e  e l e v a t i o n s  a r e  compared 
with t h e  h i s t o r i c a l  ones. 
Table 5.5 Data of h i s t o r i c a l  wa te r t ab le  e l e v a t i o n s  (m above m.s.1.) 
Month I n t e r n a l  node no. 
1 2 3 4 5 
January 571.58 569.64 570.38 570.78 573.00 
February 571.30 569.62 570. I6 570.49 572.48 
March 571. I O  569.66 570.09 570.32 572.22 
Apr i l  571.03 569.71 570.02 570.26 572.26 
May 571.08 569.88 570.06 570.52 572.37 
June 571. I3 570.00 570.12 570.63 572.69 
J u l  y 571.24 570.16 570.23 570.99 573.04 
August 571.32 570.33 570.40 571.17 573.41 
September 571.53 570.57 570.45 571.65 573.83 
October 571.68 , 570.72 570.42 571.88 574.25 
November 571.37 570.59 570.34 571.77 573.86 
December 571.14 569.28 570.21 571.43 573.54 
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5.3.9.  Groundwater ba lance  
P r i o r  t o  model l ing  a groundwater b a s i n ,  one must a s s e s s  an o v e r a l l  ground- 
water  ba lance  of t h e  bas in .  I n  t h e  c a l i b r a t i o n  p rocess ,  some of t h e  flow 
components of t h e  groundwater ba l ance  can be  compared wi th  t h e  cor responding  
f low components c a l c u l a t e d  by t h e  computer (e .g .  t o t a l  su r f ace  water  ou t -  
f low,  change i n  groundwater s t o r a g e ) .  
I n  ou r  example, t h e  annual  groundwater ba lance  r e a d s  as fo l lows :  
Inpu t  ou tput  
Recharge from r a i n  13,735,200 m3 Abs t r ac t ion  by w e l l s  15,810,000 m 3  
Inf low through N-S Groundwater ou t f low 2,113,300 
3y840y000 Change i n  s t o r a g e  - 0,348,100 f a u l t  
17,575,200 m 3  17,575,200 m 3  
5.3.10 Other i npu t  d a t a  
The use  of SGMP means t h a t  t h e  c a l c u l a t i o n  p rocess  i s  a Gauss-Seidel i t e r -  
a t i o n  method. To t e rmina te  t h e  i t e r a t i o n s ,  a t o l e r a n c e  l e v e l  must be p r e -  
s c r i b e d .  The v a l u e  of t h e  annual recharge  frÓm r a i n  
e x t e r n a l  f low i n  t h e  v a r i a b l e  RECH(K) - i s  used as a y a r d s t i c k  and 10 p e r  
c e n t  of t h i s  va lue  i s  t aken  as an i n i t i a l  estimate. Because t h e  u n i t  f o r  
volume i s  one m i l l i o n  cub ic  metres and t h e  u n i t  f o r  t i m e  i s  one month, 
ERROR i s  equal  t o  0.114. 
* - being t h e  only 
For t h e  r e l a x a t i o n  c o e f f i c i e n t  we  t a k e  t h e  va lue  of 1 and f o r  DELQ the  
va lue  of 0.1, i n  conformi ty  wi th  t h e  p rev ious ly  g iven  g u i d e l i n e s .  
For SGMP 2 ,  f o u r  e x t e r n a l  swi t ches  must be p r e s c r i b e d .  LSW3 i s  equal  t o  2 ,  
because t h e  boundary c o n d i t i o n s  are a v a i l a b l e  on a monthly b a s i s  and 
because DELTA=] and M I N O R = I .  LSW4 i s  equal t o  2 ,  because we s t a r t  wi th  t h e  
c a l i b r a t i o n  p rocess .  LSW5 i s  equa l  t o  1, because w e  u se  a f i x e d  time s t e p  
of one month. For  LSW6 no s p e c i f i c  va lue  needs  t o  be  g iven ,  because t h e  
a q u i f e r  i s  n o t  semi-confined. 
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a For SGMP 3 t h r e e  e x t e r n a l  swi tches  must be  p r e s c r i b e d .  A s  we want t o  have  
t h e  c a l c u l a t e d  w a t e r t a b l e  e l e v a t i o n s  and groundwater ba l ances  p r i n t e d  f o r  
each  month, t h e  v a l u e s  f o r  LSW7 and LSW8 a r e  bo th  equa l  t o  I .  LSW9 i s  e q u a l  
t o  2 ,  because i t  i s  t h e  f i r s t  run  and w e  want t o  check t h e  v a l u e s  of t h e  
head-cont ro l led  boundar ies .  
For SGMP 3 t h r e e  e x t e r n a l  swi tches  must be p re sc r ibed .  LSW9 i s  made e q u a l  
t o  1 ,  because i n  SGMP 3a t h e  v a l u e s  of t h e  head-con t ro l l ed  boundar i e s  w i l l  
be  p r i n t e d ,  so we do n o t  need a p l o t  of  them. LSWlO i s  made equa l  t o  1 ,  
because  we have h i s t o r i c a l  w a t e r t a b l e  e l e v a t i o n s  a v a i l a b l e .  F i n a l l y  LSWll 
i s  made equal  t o  1 ,  because we  want t o  c a l c u l a t e  t h e  d e v i a t i o n s  between 
h i s t o r i c a l  and c a l c u l a t e d  w a t e r t a b l e  e l e v a t i o n s .  
b 
5 .4  Transfer of data  
The p r e p a r a t i o n  of d a t a  as d i scussed  i n  Sec t ion  5.3 r e s u l t e d  i n  a number of 
maps, a number of t a b l e s ,  and a number of s i n g l e  v a l u e s .  To t r a n s f e r  t h e s e  
d a t a  t o  computer c a r d s ,  one f i r s t  p r e p a r e s  a number of t a b l e s ,  as w i l l  be  
exp 1 a ined b e l  ow. 
5 .4 .1  P r e p a r a t i o n  of Data S e t  I 
The parameters  a s s igned  t o  t h e  nodes are r e p r e s e n t e d  by t h e i r  node numbers. 
Table  5.6 l i s t s  t h e  d a t a  a s s igned  t o  b o t h  i n t e r n a l  and e x t e r n a l  nodes ;  t h e  
d a t a  a r e  taken  from F igure  5.6 and Table  5.1. 
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Tab le  5.6 Parameters  a s s igned  t o  i n t e r n a l  and e x t e r n a l  nodes 
C O W ,  1 )  CO(K,2) 
(x-coord ina te)  (y-coord ina te)  BL(K) 
Number of 
node K 
1 5 37 4 .45  12.55 
2 506 8.80 12.80 
3 508 8 .35  9.25 
4 509 8.35 4.90 
5 538  3.75 6 . 3 0  
6 537 4 .50  13.55 
7 506 8 . 6 0  13.90 
8 485 14.20 14.15 
9 484  14.40 11.30 
IO 488  13. 15 7 . 2 0  
1 1  4 9 3  11.75 2.80 
12 - 7 . 3 5  1.55 
13 - 2.75 3 .00  
14 - 1.35 6 . 5 5  
15 - 2.05 12.80 
Table  5.7 l i s t s  t h e  d a t a  a s s igned  t o  t h e  i n t e r n a l  nodes on ly ;  t h e  d a t a  a r e  
t a k e n  from F igures  5 .5  and 5 . 7  and Table 5 .  I .  
Table  5.7 Parameters  a s s igned  t o  i n t e r n a l  nodes on ly  
CO(K, 1 )  UL(K)* OL(K)* 
NSIDE(K) s p e c i f i c  y i e l d  
Number of 
node 
~~ ~~ ~~ ~- 
I 580  5 O .  18 
2 5 7 3  5 o. 20 
3 576 6 O .  18 
4 58 1 5 O .  14 






* Note: I f  swi tch  LSW2 i s  equa l  t o  1, s p e c i f i c  v a l u e s  f o r  UL(K) and 
OL(K) a r e  needed i n  Columns 5 and 6.  
Note: I f  some of t h e  nodes i n  t h e  network a r e  denoted as semi-confined 
a n d / o r  conf ined ,  ano the r  t a b l e  i s  needed (Table 5 . 8 ) .  
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Table 5 .8  Parameters  €o r  semi-confined and /o r  conf ined  a q u i f e r s  
Number of CO(I , 2 )  
node “ONF (I) ( I )  ( t h i c k n e s s  a q u i f e r )  
The parameters a s s igned  t o  t h e  s i d e s  of t h e  n o d a l  a r e a s  a r e  more d i f f i c u l t  
t o  r ep resen t  than t h o s e  of t h e  nodes. A s p e c i a l  t a b l e  i s  needed t o  r e p r e s e n t  
t h e  hydrau l i c  c o n d u c t i v i t y  PERM(J). F i r s t  an a u x i l l i a r y  t a b l e  i s  made 
(Table 5 .9 ) .  I t s  f i r s t  column l i s t s  t h e  numbers of t h e  i n t e r n a l  nodes.  I t s  
second and fo l lowing  columns l i s t  t h e  nodes t h a t  surround each of  t h e  nodes  
i n  Column I .  One s ta r t s  with an a r b i t r a r i l y  chosen sur rounding  node and 
then  cont inues  wi th  t h e  o t h e r s ,  moving i n  a clock-wise d i r e c t i o n .  The pro-  
c e s s  i s  repea ted  f o r  a l l  the  o t h e r  i n t e r n a l  nodes.  
Table 5 .9  Numbering system of t h e  nodal network 
Number of Number of i n t e r n a l  and e x t e r n a l ,  nodes 
node (K)  surrounding node ( K )  
1 6 2 3 5 1 5  
2 7 8 9 3  1 
3 2 9 1 0  4 5 1  
4 3 10 1 1  12 5 
5 1 3 4 13 14 
Table 5.10 can now be compiled from Table 5.9 and Figure  5 .4 .  Column I 
a g a i n  l i s t s  t h e  numbers of t h e  i n t e r n a l  nodes.  The even-numbered columns 
l i s t  t h e  sur rounding  nodes, and t h e  odd-numbered columns, s t a r t i n g  wi th  
Column 3, l i s t  t h e  va lues  of t h e  h y d r a u l i c  c o n d u c t i v i t y  between t h e  nodes 
of Column I and t h e  surrounding nodes l i s t e d  i n  t h e  preceding  even-numbered 
column. For example, t h e  hydrau l i c  c o n d u c t i v i t y  of t h e  s i d e  s e p a r a t i n g  
Nodes 1 and 6 i s  70. 
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T a b l e  5 .10  Parameter  a s s i g n e d  t o  t h e  s i d e s  of  t h e  n o d a l  areas 
1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3  
1 6  70 2 6 0  3 4 5  5 2 5 1 5  O - - 
2 7  62 8 5 0  9 4 8  3 6 0  1 6 0  - - 
3 2 60 9 4 8  10 52 4 43 5 28 I 45 
4 3 43  I O  6 5  1 1  70 12 O 5 15 - - 
5 . I  25 3 28  4 15 13 O 14 O - - 
5.4 .2  Sequence of  c a r d s  and d a t a  formats  i n  Data S e t  I 
T a b l e  5.11 shows t h e  i n p u t  sequence and d a t a  f o r m a t s  of t h e  d a t a  c a r d s  i r  
Data S e t  I. 
T a b l e  5 .11  Card s t r u c t u r e  of Data S e t  I 
Card No. Name Format 
1 TITLE 20A4120A4 
2 N N ,  NSCONF, NCONF, NEXTN 4 I 4  
3 NSIDE(K), K = l  ,NN 4012 
4 ( C O ( I , J ) ,  J=1 ,2), 1 = 1  ,TNN 16F5.2 
5 TMBAS, DMTIM, T ,  SCALE, LSWl 2A4,2F4.1,F8.0, I 4  
6 DELTA, M I N O R ,  MAJOR, LIST F4.2,314 
7 ERROR, COEFFA 2F8.2 
8 BL(K), K=l,TNN 20F4. O 
9 K ,  (NS(J) ,  PERM(J), J = I , J 2 )  1 3 , 7 x , 7 ( 1 3 ,  F5 .2 ,  2x) 
10 CO(1, l )  , 1 = 1  ,NN l l F 7 . 5  
1 1  PCONF(K) , K=l  ,NSCONF 10F8.4 ' 
12 ASC(I) ,  1 = 1  ,NSCONF 1 lF7 .5  
13 SL(K), K = l  ,NN 20F4. O 
14 CO(I ,2) ,  I=I,NCONF 20F4. O 
15 LSW2, DELQ I4 ,F4 .1  
16 UL(K), K = l  , N N  10F8.4 
17 OL(K), K = I , N N  10F8.4 
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C a r d  14 
Card 15 
Card 16 
: Any name o r  sentence;  t o t a l  number of c a r d s  i s  2 .  
: For a c t u a l  v a l u e s ,  see Sect ion 5.3.1.  
: The values  of Column 3 of Table 5.7 a r e  punched on t h i s  c a r d ,  
40 va lues  on each card.  Total  number of c a r d s  i s  "140.  
: The va lues  of  Columns 3 and 4 of Table 5 .6  a re  punched on t h i s  
ca rd ;  f o r  each node, f i r s t  the x-coordinate and then t h e  y- 
coord ina te ,  16 va lues  on each ca rd .  Total  number of  c a r d s  i s  2 x 
TNN/ 1 6. 
: For a c t u a l  v a l u e s ,  see Sect ion 5.3.2. 
: For actual  va lues ,  see Sect ion 5.3.3. 
: For a c t u a l  v a l u e s ,  see Sect ion 5.3. I O .  
: The values  o f  Column 2 of Table 5.6 a r e  punched on t h i s  c a r d ,  
20 va lues  on each card.  Total  number of c a r d s  i s  TNN/20. 
: The values  o f  Table 5. 10 a r e  punched on t h i s  ca rd ,  each row on 
one ca rd .  To ta l  number of ca rds  i s  equal t o  NN. 
: The values  of Column 4 of Table 5.7 are punched on t h i s  c a r d ,  
1 1  va lues  on each card.  Total  number of  c a r d s  i s  NN/Il. 
: If NSCONF i s  not  equal t o  ze ro ,  t he  v a l u e s  of Column 2 of Table  
5 .8  are punched on t h i s  ca rd ,  I O  values  on each ca rd .  T o t a l  
number of c a r d s  i s  NSCONF/IO. 
I f  NSCONF i s  equa l  t o  zero,  sk ip  Cards 1 1 .  
: If NSCONF i s  n o t  equal t o  zero,  t he  v a l u e s  of Column 3 of Table 
5 .8  are punched on t h i s  ca rd ,  1 1  values  on each ca rd .  T o t a l  
number of ca rds  i s  "/I l .  
I f  NSCONF i s  equa l  t o  zero,  s k i p  Cards 12. 
: The values  of Column 2 of Table 5.7 are punched on t h i s  c a r d ,  
20 va lues  on each card.  Total  number of c a r d s  i s  NN/20. 
: I f  NSCONF o r  NCONF i s  not  equal  t o  zero,  the va lues  of  Column 4 
of  Table  5.8 are punched on t h i s  ca rd ,  20 values  on each c a r d .  
To ta l  number of ca rds  i s  (NSCONF + NCONF)/20. 
I f  both NSCONF and NCONF a r e  equal  t o  ze ro ,  skip Cards 14.  
: For a c t u a l  v a l u e s ,  see Sect ions 5 .3 .5  and 5.3.10. 
: I f  LSW2 i s  equa l  t o  1,  the  va lues  of Column 5 o f  Table 5.7 are 
punched on t h i s  ca rd ,  IO va lues  on each ca rd .  To ta l  number o f  
c a r d s  i s  " / IO .  
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I f  LSW2 i s  equa l  t o  2 ,  s k i p  Cards 16.  
Card 17 : I f  LSW2 i s  equal  t o  1, t he  v a l u e s  of Column 6 of Table 5.7 a r e  
punched on t h i s  c a r d ,  I O  v a l u e s  on each c a r d .  To ta l  number of 
c a r d s  i s  " / I O .  
I f  LSW2 i s  equal  t o  2 ,  s k i p  Cards 1 7 .  
A s p e c i a l  form i s  used t o  f a c i l i t a t e  t h e  punching of t h e  d a t a  c a r d s ;  it i s  
d i v i d e d  i n t o  80 columns, which correspond wi th  t h e  80 columns on a computer 
c a r d  ( f o r  more informat ion ,  see  Appendix 2 ) .  F igure  5 .9  shows such a form. 
I t s  v a l u e s  have been w r i t t e n  i n  accordance wi th  t h e  formats  given i n  Table 
5.11. The va lues  correspond wi th  the  d a t a  of t he  h y p o t h e t i c a l  example. 
When t h e  form has  been completed, t h e  c a r d s  can be  punched and Data Set I 
i s  ready .  
F i g u r e  5.10 shows p a r t  of t h e  numerical  ou tpu t  of Data S e t  I. It g ives  a 
r e fo rma t t ed  playback of t h e  gene ra l  i n p u t ,  t h e  d i s t a n c e  between ad jacen t  
nodes  (LENGTH), t h e  l e n g t h  of t h e  s i d e s  of t h e  nodal  a r e a s ,  c h a r a c t e r i z e d  
by  two node numbers (WIDTH), and the  a r e a s  of t he  nodal  a r e a s .  
5 . 4 . 3  P r e p a r a t i o n  of Data S e t  I1 
To t r a n s f e r  t h e  d a t a  t o  computer c a r d s ,  f o u r  t a b l e s  a r e  prepared:  
Tab le  5.12 c o n t a i n s  t h e  d a t a  of t h e  i n i t i a l  w a t e r t a b l e  e l e v a t i o n s  a t  each 
node, and t h e  d a t a  of t h e  i n i t i a l  w a t e r t a b l e  e l e v a t i o n s  of t he  conf in ing  
l a y e r  f o r  t hose  nodes denoted a s  semi-confined.. A s  o u r  h y p o t h e t i c a l  example 

























L u  
GRDUNOWATERMODEL FOR I L L U S T R A T I N G  DATA H A N D L I N G  OF THE STANDARD GRDUNDUATER MODEL PACKAGE(SGMP) 
NUMBER O F  I F i T E R N A L  tlDDES 1s 5 
NUMBER OF E X T E R N A L  NODES IS lfl 
NUMtJER OF SLVICONFINEO NODAL AREAS I8 8 
NUMBER OF C O N F I N E 0  NODAL AREAS IS B 
NUMbER OF U t i C U N F I f r E D  NODAL AREAS IS S 
UNIT LENGTH 1 1 METRE 
UNIT AREA 1 l r d 8 R , R 0 0  SP,MLTRCS 
U N I T  VOLUME I l , e @ m , R 0 0  CU.LfETRES 
UNIT flF T I M E  FOM D E L T A  AND BOUNDARY C O N O I T I O N S  I S  MONTH 
B E T N E E N  NODE PERVEABILITY I r I D T H  LENGTH 
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Table 5.12 I n i t i a l  c o n d i t i o n s  a t  time T=O 
Number of 
node HCONF (K) 
1 571.20 - 
2 569.70 - 
3 570.60 - 
4 571. I O  - 
5 573.60 - 
6 571.40 - 
7 569.70 - 
8 568.50 - 
9 569.00 
I O  570.00 - 










Note: Of the  e x t e r n a l  nodes,  on ly  those  s imula t ing  head-cont ro l led  bound- 
a r i e s  (Nodes 6,  7 ,  8, 9 ,  I O ,  and 1 1 )  r e q u i r e  a va lue  of H(K). For p u r e l y  
f low-cont ro l led  boundar ies ,  t h e r e  i s  no need t o  s p e c i f y  H(K) because  t h e  
boundaries f a c i n g  t h e s e  e x t e r n a l  nodes are assumed t o  be  impermeable and 
t h e i r  hydrau l i c  c o n d u c t i v i t y  va lues  a r e  t h e r e f o r e  zero .  
Table 5.13 c o n t a i n s  the  d a t a  of RECH(K), r e p r e s e n t i n g  t h e  deep p e r c o l a t i o n  
from r a i n f a l l .  
The columns are headed by t h e  numbers of t h e  i n t e r n a l  nodes.  The rows 
c o n t a i n  the  v a l u e s  of RECH(K), e i t h e r  f o r  each time s t e p  DELTA o r  f o r  each  
f i r s t  o r  second accumulation leve l ,  depending on t h e  va lue  a s s igned  t o  
LSW3. The t o t a l  number of rows a l s o  depends on LSW3: 
f o r  LSW3 equa l  t o  1 :  LIST rows 
f o r  LSW3 equa l  t o  2 :  LIST X MAJOR rows 
f o r  LSW3 equa l  t o  3: LIST X MAJOR X MINOR rows 
For our h y p o t h e t i c a l  example, Table  5.13 i s  compiled from Table 5 .2  (LIST=I, 
MAJOR=12 , MINOR= 1 , LSW3=2). 
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Tab le  5.13 Data of RECH(K) 
Number of f i r s t  I n t e r n a l  node no. 
accumula t ion  l e v e l  
(month) 1 2 3 4 5 
1 O 0 O O 
2 O O O o 
3 O O O O 
4 O O O O 
5 0.019 0.019 0.019. 0.019 
6 0.010 0.010 0.010 0.010 
7 0.025 0.025 O.  025 0.025 
8 0.029 O .  029 O .  029 0.029 
9 O .  056 0.056 O .  056 O .  056 
I O  0.038 O .  038 0.038 O .  038 
1 1  O O O O 







O .  025 
0.029 
O .  056 
O .  038 
O 
O 
Tab le  5.14 c o n t a i n s  t h e  d a t a  of FLWCON(K), r e p r e s e n t i n g  the  a l g e b r a i c  sum 
o f  the  a b s t r a c t i o n  by pumped w e l l s  and t h e  groundwater flow through flow- 
c o n t r o l l e d  boundar ies .  This  t a b l e  i s  compiled from Table  5.3 and i s  s e t  o u t  
i n  t h e  same way a s  Table 5.13. 
T a b l e  5.14 Data of FLWCON(K) 
Number of f i r s t  I n t e r n a l  node no. 
accumula t ion  l e v e l  
(month) 1 2 3 4 5 
1 -0.38 -0.39 -1.20 -0.71 -0.62 
2 -0.36 -0.36 - 1 .  15 -0.67 -0.57 
3 -0.25 -0.30 -0.89 -0.52 -0.40 
4 O -0.11 -0.32 -0.19 + O .  03 
5 +O. 14 O O O +o. 18 
6 +O. 14 O O O +o. 18 
7 +O. 14 O O O +o. 18 
8 +O. 14 O O O +o. 18 
9 +O. 14 O O O +o. 18 
I O  +O. 14 O O O +o. 18 
1 1  -0.13 -0.21 -0.64 -0.37 -0.23 
12 -0.32 -0.36 -1 . O 7  -0.62 -0.52 
Note:  I f  t h e  va lues  of RECH(K) and FLWCON(K) are a v a i l a b l e  on a monthly 




I Tables 5 . 1 4  and 5 . 1 5  on t h e  t i m e  b a s i s  of one week; i n  o t h e r  words, t h e  
o r i g i n a l  d a t a  must be  d iv ided  by f o u r .  
I Table 5.15  c o n t a i n s  t h e  w a t e r t a b l e  e l e v a t i o n s  f o r  t hose  e x t e r n a l  nodes t h a t  
! s imula t e  head-con t ro l l ed  boundar ies .  It i s  compiled from Table 5 . 4 .  
! 
I 
Table 5 .15  Data of head-cont ro l led  boundar ies  
1 
Number of f i r s t  E x t e r n a l  node no. 
accumulation l e v e l  











1 1  
12 
5 7 1 . 4  569 .7  5 6 8 . 5  5 6 9 . 0  
5 7 1 . 4  569 .7  5 6 8 . 5  5 6 9 . 0  
5 7 1 . 4  569 .7  568 .5  5 6 9 . 0  
5 7 1 . 4  569 .7  5 6 8 . 5  5 6 9 . 0  
5 7 1 . 4  569 .7  5 6 8 . 5  5 6 9 . 0  
5 7 1 . 4  569 .7  5 6 8 . 5  5 6 9 . 0  
5 7 1 . 4  569 .7  5 6 8 . 5  5 6 9 . 0  
5 7 1 . 4  569 .7  5 6 8 . 5  5 6 9 . 0  
5 7 1 . 4  569.7 568 .5  5 6 9 . 0  
5 7 1 . 4  569.7 5 6 8 . 5  5 6 9 . 0  
5 7 1 . 4  569 .7  568 .5  5 6 9 . 0  
5 7 1 . 4  569 .7  568 .5  5 6 9 . 0  
5 7 0 .  O 
5 7 0 . 0  
5 7 0 .  O 
5 7 0 . 0  
5 7 0 .  O 
5 7 0 .  O 
5 7 0 .  O 
5 7 0 .  O 
5 7 0 . 0  
5 7 0 .  O 
5 7 0 . 0  
5 7 0 . 0  
5 7 2 .  O 
5 7 2 .  O 
5 7 2 .  O 
5 7 2 .  O 
5 7 2 .  O 
5 7 2 . 0  
5 7 2 .  O 
5 7 2 .  O 
5 7 2 .  O 
5 7 2 . 0  
5 7 2 . 0  
5 7 2 .  O 
5 . 4 . 4  Sequence of ca rds  and d a t a  format i n  Data Se t  I1 
Table 5.16  shows t h e  inpu t  sequence and d a t a  formats  of t h e  d a t a  c a r d s  i n  
Data S e t  11. 
Table 5.16 Card s t r u c t u r e  of Data Se t  I1 
~~ 
Card No. Name Format 
1 LSW3, LSW4, LSW5, LSW6 
2 H(K), K=I,TNN 
3 HCONF (K) , K= 1 ,NSCONF 
4 RECH(K), K = l  ,NN 
5 FLWCON(K), K = l  ,NN 
6 H(K), K=NO,TNN 
7 DELTA 




8x ,  7F 1 O .  4 
8 x , 9 F 8 . 2  
F6.4 








: For a c t u a l  v a l u e s ,  see Sec t ion  5.3.10. 
: The va lues  of Column 2 of Table 5.12 a r e  punched on t h i s  ca rd .  
Each card  c o n t a i n s  I O  va lues .  Tota l  number of c a r d s  i s  T N N / I O .  
: The va lues  of Column 3 of Table 5.12 are punched on t h i s  ca rd .  
Each card  c o n t a i n s  I O  v a l u e s .  To ta l  number of c a r d s  i s  NSCONF/IO. 
I f  NSCONF e q u a l s  ze ro ,  s k i p  Card 3. 
: The f i r s t  8 columns a r e  reserved  f o r  i d e n t i f i c a t i o n  (see 
below). The va lues  of t h e  f i r s t  row of Table 5.13 a r e  punched on 
t h i s  ca rd ,  except  t h e  one i n  Column 1 .  Each ca rd  con ta ins  14 
va lues .  T o t a l  number of ca rds  i s  NN/14. 
: The f i r s t  8 columns a r e  reserved  f o r  i d e n t i f i c a t i o n  (see 
below). The v a l u e s  of t h e  f i r s t  row of Table 5.14 a r e  punched on 
t h i s  ca rd ,  except  t h e  one i n  Column I .  Each card con ta ins  7 
va lues .  T o t a l  number of c a r d s  i s  NN/7. 
: The f i r s t  8 columns are reserved  f o r  i d e n t i f i x a t i o n  (see 
below). The v a l u e s  of t h e  f i r s t  row of Table 5.15 a r e  punched on 
t h i s  ca rd ,  except  t h e  one i n  Column I .  Each card  con ta ins  9 
va lues .  T o t a l  number of ca rds  i s  NEXTN/9. 
: Values of DELTA. I f  LSW5 i s  equal  t o  1 ,  s k i p  Card 7 ;  t he  
c a l c u l a t i o n  i s  then  made wi th  a c o n s t a n t  t i m e  s t e p  DELTA read 
from SGMP I .  
Note: Because LSW3 is  made equa l  t o  2 ,  Cards 4 ,  5 ,  and 6 are repeated LIST 
X MAJOR t i m e s .  I n  t h e  second set of t hese  c a r d s ,  t h e  v a l u e s  of t he  second 
row of Tables  5.13, 5.14, and 5.15 are punched; i n  t h e  t h i r d  s e t  t he  v a l u e s  
of t h e  t h i r d  row, and so  on. 
Depending on t h e  t o t a l  number of t i m e  s t e p s  f o r  which t h e  boundary condi- 
t i o n s  a r e  a v a i l a b l e  and on t h e  number of i n t e r n a l  nodes i n  t h e  network, 
Data Se t  I1 may c o n t a i n  a g r e a t  number of d a t a  c a r d s .  To f a c i l i t a t e  t h e  
i d e n t i f i c a t i o n  of s p e c i f i c  c a r d s ,  t h e  f i r s t  8 columns of Cards 4 ,  5,  and 6 
a r e  r e se rved  f o r  i d e n t i f i c a t i o n ,  i n d i c a t i n g ,  f o r  example, t h e  name of t h e  
v a r i a b l e ,  run-number, number of t i m e  s t ep .  
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Figure  5.11 shows the  form completed f o r  Data Set 11. Its v a l u e s  have been 
w r i t t e n  i n  accordance wi th  t h e  formats  g iven  i n  Table 5.16. When t h e  c a r d s  
have been punched, Data S e t  I1 i s  ready. 
With Data S e t s  I and 11, t h e  c a l c u l a t i o n s  c a n ' b e  made. There i s  s t i l l  no 
ou tpu t ,  however, because it  i s  s t o r e d  on a f i l e  (FILE 2 ) .  
5.4.5 P r e p a r a t i o n  of Data S e t  I11 
A s  t h e  r equ i r ed  d a t a  are r ead  from a f i l e  (FILE 2 ) ,  Data Se t  111 on ly  re- 
q u i r e s  t he  v a l u e s  of t h r e e  e x t e r n a l  swi t ches  with which t h e  u s e r  can choose  
what kind of d a t a  he wants p r i n t e d  and i n  what d e t a i l .  Data S e t  I11 re- 
q u i r e s  only one card .  I ts  d a t a  format i s  shown i n  Table  5.17. For t h e  
a c t u a l  va lues  o f  t h e  t h r e e  swi t ches ,  see Sec t ion  5.3.10. 
Table 5.17 Card s t r u c t u r e  of Data Se t  I11 
Card No. Name Format 
1 LSW7, LSW8, LSW9 314 
Figure  5.12 shows p a r t  of t h e  ou tpu t  of SGMP 3a. Note t h a t  bo th  t h e  water- 
t a b l e  e l e v a t i o n s  and t h e  groundwater ba l ance  a r e  p r i n t e d  f o r  each  t i m e  s t e p  
of one month and t h a t  t h e  v a l u e s  a t  t h e  e x t e r n a l  nodes a r e  a l s o  p r i n t e d .  
5.4.6 P r e p a r a t i o n  of Data Se t  I V  
To t r a n s f e r  t h e  d a t a  t o  computer c a r d s ,  one t a b l e ,  Table 5.18 i s  p repa red .  
It con ta ins  t h e  h i s t o r i c a l  w a t e r t a b l e  e l e v a t i o n s  a t  t h e  f i v e  i n t e r n a l  
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Table 5.18 Data of h i s t o r i c a l  w a t e r t a b l e  e l e v a t i o n s  
No. of f i r s t  Internal node no. 
accumulation 











1 1  
12 
571.58  569.64 
571.30 569.62 
571.10 569.66 
571 .03  569.71 
571.08 569 .88  
571. I3 570.00 
571.24 570.  16 
571.32 570 .33  
571 .53  570 .57  
571.68 570.72 
571.37 570.59 







570 .23  
570.40 












571 .65  
571.88 
571.77 
571 .43  
573.00 





573 .04  
573.41 




Table  5.19 shows t h e  inpu t  sequence and d a t a  formats  of t he  d a t a  c a r d s  i n  
Data S e t  I V .  
Table 5 . 1 9  Card s t r u c t u r e  of Data S e t  I V  
Card No. Name Format 
I BLNK, H I ,  HMINUS, HX, ASTRSK, H Y ,  PLUS, LSW9, LSWIO, 
LSWl I 7A4,312 
2 M I N O R ,  MAJOR, LIST 314 
3 H(K,M), K = I , N N ,  M = I , M A J O R  8x , 9 F8.2 




: The s i g n s  BLNK, H I ,  HMINUS, HX, ASTRSK, HY,  and PLUS are a r b i t -  
r a r i l y  chosen; f o r  a c t u a l  va lues  f o r  LSW9, LSWIO, and LSWII, s e e  
Sec t ion  5.3. I O .  
: The va lues  of MINOR,  MAJOR, and LIST a r e  punched on t h i s  c a r d .  
I f  LSWIO i s  equal  t o  1, s k i p  Card  2.  
: The f i r s t  8 columns are re se rved  f o r  i d e n t i f i c a t i o n .  The v a l u e s  
of t he  f i r s t  row of Table  5.18, except  t h e  one i n  Column I ,  are 
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punched on t h i s  c a r d .  Each c a r d  c o n t a i n s  9 v a l u e s .  T o t a l  number 
of c a r d s  i s  "19. 
I f  LSWlO is equal  t o  2 ,  s k i p  Cards 3. 
Card 3 i s  r epea ted  LIST  X MAJOR t i m e s .  I n  t h e  second s e t  of t h e s e  c a r d s ,  
t h e  v a l u e s  of t h e  second row of Tab le  5.18 a r e  punched; i n  t h e  t h i r d  s e t ,  
t h e  v a l u e s  of t h e  t h i r d , r o w ,  and so on. 
F i g u r e  5 .13  shows t h e  form completed f o r  Data S e t  I V ;  i t s  va lues  have been 
w r i t t e n  i n  accordance wi th  t h e  fo rma t s  g iven  i n  Table 5.19. When t h e  c a r d s  
are punched, Data S e t  I V  i s  ready .  
F i g .  5. 13 Completed form f o r  Data S e t  I V  
F i g u r e  5.14 shows p a r t  of t h e  o u t p u t  of SGMP jb, i . e .  a p l o t  of t h e  water- 
t a b l e  e l e v a t i o n s  c a l c u l a t e d  from Data S e t s  I and 11. Note t h a t  on ly  t h e  
w a t e r t a b l e  e l e v a t i o n s  of t h e  i n t e r n a l  nodes a r e  p l o t t e d  (LSW9=I), because  
t h e y  w e r e  a l r e a d y  p r i n t e d  i n  SGMP 3 . a 
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NODE NO 4 L L E V A T I O N 8 ( H E T R E S  ABOVE S E A L E V E L )  VS. T I M E (  HONTH ) I  SURFACE E L E V A T I O N  581. 
NODE NO 5 E L E V A T I O N S ( M E 1 R E S  ABOVE S E A L E V E L )  VS. T I H E (  MONTH 1 1  SURFACE E L E V A T I O N  583. 
C A L C U L I T I O N  OF O E V I A T I O N S  BETHEEN CALCIJLATED AN0 H I S T O R I C A L  WATERTABLE E L E V A T I O N S  
THIS C A L C U L A T I O N  IS BASED ON THE D E V I A T I O N S  OVER ALL THt I N T E R N A L  NODES AN0 TAKEN OVER 1 2  T I M E  S T E P S I  
T O T A L  NUMBER OF T I H E  S T E P S  I N  THE E N T I R E  C A L C U L A T I O N  P E R I 0 0  IS 12 
MEAN m - R , A 6  METER 














M I S T ( + )  
578,78  
570,49  
5 7 0 * 3 2  
578.26 
570,52  







C O M P T ( * l  H I S T ( + )  
572.98 573.00 
572.41  572,48  
572.00 572.22  
571.91  572,26  
572.27 572,37  
572.49 572.69 
572.91 575.84 
573.38 573.41  
674.22  573.83 
574.76 574.25 
574.45 573.86 
573.98  573.54  
b 
F i g .  5.14 P a r t  of the o u t p u t  of SGMP 3 

6 CALIBRATION AND PRODUCTION.RUNS 
6 . 1  Ca 1 ib rat i on 
6.1 .1  General 
Before t h e  model can perform i t s  t a s k  of p r e d i c t i n g  t h e  , f u t u r e  w a t e r t a b l e  
behaviour ,  it must be  c a l i b r a t e d .  This  means t h a t  a check must be made t o  
s e e  whether t he  model can c o r r e c t l y  gene ra t e  t h e  p a s t  behaviour  of t h e  
w a t e r t a b l e  as  i t  i s  known from h i s t o r i c a l  r e c o r d s .  
One s ta r t s  the  c a l i b r a t i o n  procedure  by s e l e c t i n g  a per iod  f o r  which 
h i s t o r i c a l  records  are a v a i l a b l e .  The r e l e v a n t  g e o l o g i c a l  i n fo rma t ion  and 
t h e  h i s t o r i c a l  d a t a  are then fed  i n t o  t h e  computer, which c a l c u l a t e s  a 
w a t e r t a b l e  e l e v a t i o n  f o r  each noda l  p o i n t .  These va lues  are then  compared 
wi th  t h e  wa te r t ab le  e l e v a t i o n s  a s  they  are known from h i s t o r i c a l  r e c o r d s .  
The comparison w i l l  u s u a l l y  r e v e a l  a d iscrepancy  between t h e  two. 
A s  e r r o r s  can obvious ly  be made i n  t h e  i n t e r p r e t a t i o n  of g e o l o g i c a l  in- 
formation and as h i s t o r i c a l  r eco rds  may n o t  be  wholly r e l i a b l e  o r  may b e  
incomplete,  one i s  pe rmi t t ed  t o  change t h e  inpu t  parameters  t o  a c e r t a i n  
e x t e n t .  One must r e -eva lua te  t h e  geo log ica l  in format ion  a n d f o r  t h e  h i s -  
t o r i c a l  r eco rds ,  which w i l l  y i e l d  a new set  of i n p u t  d a t a  f o r  t h e  model. A 
new run is made wi th  t h i s  new set of d a t a  and new w a t e r t a b l e  e l e v a t i o n s  a r e  
c a l c u l a t e d .  These may f i t  t h e  h i s t o r i c a l  w a t e r t a b l e  e l e v a t i o n s  b e t t e r  ( o r  
p o s s i b l y  even worse) t han  t h e  o r i g i n a l  se t .  This  process  of t r i a l  and e r r o r  
i s  repea ted  u n t i l  t h e  c a l c u l a t e d  va lues  s a t i s f a c t o r i l y  match t h e  h i s t o r i c a l  
ones.  
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Depending on t h e  d e s i r e d  accu racy  and t h e  d i f f i c u l t i e s  exper ienced  wi th  
s c a r c i t y  of d a t a ,  some t e n  t o  twenty runs  may be  needed t o  o b t a i n  a good 
f i t .  Goodness of f i t ,  of c o u r s e ,  i s  a r e l a t i v e  i d e a  b u t ,  i n  g e n e r a l ,  t h e  
p e r m i s s i b l e  d e v i a t i o n s  between c a l c u l a t e d  and h i s t o r i c a l  w a t e r t a b l e s  a r e  
some t e n s  of c e n t i m e t r e s .  
Obvious ly ,  t h e  longe r  t h e  p e r i o d  used f o r  c a l i b r a t i o n ,  t h e  b e t t e r  t he  
r e s u l t s  w i l l  be. T h i s  i s  p a r t i c u l a r l y  so  f o r  unconfined a q u i f e r s ,  which 
have  a long  n a t u r a l  r e sponse  t i m e  (Rushton and Redshaw 1979) .  A s  long-term 
r e c o r d s  of w a t e r t a b l e  e l e v a t i o n s  a r e  seldom a v a i l a b l e ,  however, t he  model 
u s u a l l y  h a s  t o  be c a l i b r a t e d  wi th  d a t a  cove r ing  only  a r e l a t i v e l y  s h o r t  
p e r i o d ,  which, i f  p o s s i b l e ,  should  be s o  s e l e c t e d  t h a t  extremes of water- 
t a b l e  behaviour  have occurred  w i t h i n  i t .  The a b s o l u t e  minimum pe r iod ,  
however,  i s  two f u l l  y e a r s  of d a t a ,  t h e  f i r s t  y e a r  be ing  used t o  a d j u s t  t h e  
i n p u t  d a t a  and t h e  second y e a r  s e r v i n g  a s  a check t o  see  whether t he  
ad jus tmen t s  were adequate .  I f  n o t ,  t h e  p rocess  i s  r epea ted .  
C a l i b r a t i o n  i s  t h e  most d i f f i c u l t  p a r t  of groundwater modelling. It re- 
q u i r e s  g r e a t  s k i l l  and real  teamwork on t h e  p a r t  of a l l  t h e  people  in- 
vo lved :  t h e  g e o l o g i s t  who i s  p rov id ing  d a t a  on t r a n s m i s s i v i t i e s  and s t o r a g e  
c o e f f i c i e n t s ,  t h e  i r r i g a t i o n  eng inee r  p rov id ing  d a t a  on i r r i g a t i o n  p r a c t i c e s  
and l o s s e s ,  t h e  h y d r o l o g i s t  p rov id ing  d a t a  on w a t e r t a b l e  behaviour  and 
w a t e r t a b l e  e l e v a t i o n s ,  and t h e  o t h e r s  who are p rov id ing  d a t a  on r a i n f a l l ,  
e v a p o t r a n s p i r a t i o n ,  r u n o f f ,  and pumping r a t e s .  A l l  t h e s e  d a t a  must be 
b rough t  t o g e t h e r  b e f o r e  a c a l i b r a t i o n  run  can  be  made. 
The b e s t  way t o  a c t  d u r i n g  c a l i b r a t i o n  i s  t o  e v a l u a t e  the  r e s u l t s  of a 
c a l i b r a t i o n  run ,  propose  c e r t a i n  ad jus tmen t s  i n  i n p u t  pa rame te r s ,  and 
d i s c u s s  t h e s e  wi th  t h e  e x p e r t ( s )  i n  ques t ion .  For f r u i t f u l  coope ra t ion ,  
each  e x p e r t  should be  aware t h a t  many of h i s  f i g u r e s  a r e  mere e s t i m a t e s  and 
are t h u s  l i a b l e  t o  e r r o r .  
It i s  s t r e s s e d  t h a t  each  e x p e r t  p rov id ing  i n p u t  parameters  should i n d i c a t e  
t h e  p o s s i b l e  range  of e r r o r s  i n  t h e  v a l u e s  h e  i s  p rov id ing ,  p r e f e r a b l y  
b e f o r e  t h e  f i r s t  c a l i b r a t i o n  run i s  made. To be  a b l e  t o  do t h i s ,  he must 
have  a sound judgement of t h e  parameters  i n  q u e s t i o n  and must know the  






6 . 1 . 2  Sources of e r r o r  
E r r o r s  i n  input  d a t a  can stem from two c a t e g o r i e s  of sou rces :  
i )  Erro r s  i n  t h e  phys ica l  p r o p e r t i e s  of t h e  a q u i f e r :  
type  of aqu i f e r  
depth  
p ermeab i 1 i t  y 
s t o r a g e  c o e f f i c i e n t / s p e c i f i c  y i e l d  
w a t e r t a b l e  e l e v a t i o n  
Er ro r s  i n  t h e  hydro log ica l  stress exe r t ed  on t h e  a q u i f e r :  
p r e c i p i t a t i o n  
l o s s e s  i n  the  conveyance, d i s t r i b u t i o n ,  and a p p l i c a t i o n  of 
i i )  
seepage from o r  d ra inage  t o  r i v e r s  
i r r i g a t i o n  water 
groundwater flow through f low-cont ro l led  boundar ies  
1 7 1  
- t ubewe l l  a b s t r a c t i o n  
c a p i l l a r y  r i se  from a sha l low w a t e r t a b l e  
e v a p o t r a n s p i r a t i o n  
A s  t h i s  l i s t  shows, almost a l l  i n p u t  d a t a  are s u b j e c t  t o  e r r o r .  The devi- 
a t i o n s  between c a l c u l a t e d  and h i s t o r i c a l  w a t e r t a b l e s  w i l l  o f t e n  be  the  
r e s u l t  of a combination of e r r o r s .  Unrave l l ing  t h e  sou rces  of e r r o r  can 
b e s t  be  done by examining each a q u i f e r  parameter and ' each  hydro log ic  
parameter  s e p a r a t e l y .  The most common e r r o r s  w i l l  b e  d iscussed  below. 
Of cour se ,  e r r o r s  can  a l s o  be made i n  punching t h e  d a t a  onto  computer c a r d s  
and, i t  i s  a d v i s a b l e  t o  f i r s t  check whether any such e r r o r s  have been made. 
One can  do t h i s  i n  two ways: e i t h e r  by comparing t h e  punched d a t a  wi th  t h e  
d a t a  on t h e  completed forms, o r  by making a computer run  and comparing t h e  
p r i n t e d  d a t a  wi th  t h e  t a b l e s  and l i s t s  prepared  b e f o r e  completing t h e  
forms . 
Trarsmissivity 
F i g u r e  6.1 shows t h e  e f f e c t  of a wrong e s t i m a t e  of t h e  t r a n s m i s s i v i t y  
between two nodes.  For  t h i s  and the  fo l lowing  examples we used ou r  hy- 
p o t h e t i c a l  area d e s c r i b e d  i n  Chapter 5. I t s  water tab le-contour  map shows 
t h a t  t h e  groundwater f low i s  from Nodal Area 1 t o  Nodal Area 2 .  It i s  
t h e r e f o r e  obvious  t h a t  t h e  t r a n s m i s s i v i t y  a t  t h e  s i d e  shared by t h e s e  two 
areas has  been  a s ses sed  too  low. This  r e s u l t s  i n  w a t e r t a b l e s  t h a t  are too  
h i g h  i n  Nodal Area 1 and too  low i n  Nodal Area 2 ,  which i s  c h a r a c t e r i s t i c  
of t h i s  k ind  of e r r o r .  Because t h e  t r a n s m i s s i v i t y  T i s  t h e  a l g e b r a i c  
p roduc t  of t h e  s a t u r a t e d  th i ckness  D and t h e  h y d r a u l i c  c o n d u c t i v i t y  K ,  t h e  
s o u r c e  of t h e  e r r o r  could be e i t h e r  i n  D o r  K o r  i n  both .  
Storage coefficient fo r  specific yield) 
F i g u r e  6 . 2  shows t h e  e f f e c t  of too  h igh  an estimate of t h e  s t o r a g e  coef- 
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1 6  
1 7  
18 
1 0  
2m 
2 1  
22 
23 
2 d  
25 
26 
2 7  
21  
2 9  
38 
3 1  
3 2  
3s 
3. 




1 S U R F A C E  E L E V A I I O N  m 5 8 4 .  NODE '10 2 S U R f A t E  E L E V A T l O N  575.  
E L E V A T I P N S I M E T R E S  ABOVE S E A L E V E L )  VS. lIME( MONTH ) 
calculated 
measured 










1 1  
12 
13 
1 4  
1 5  
1b 
I7 
1 9  
19 
211 
2 1  
' 2 2  
23 








3 3  
J l  
35 
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F o r  p e r i o d i c  f l u c t u a t i o n s  i n  t h e  h i s t o r i c a l  w a t e r t a b l e s ,  t h i s  r e s u l t s  i n  
a m p l i t u d e s  i n  t h e  c a l c u l a t e d  w a t e r t a b l e s  t h a t  are t o o  small. For  t o o  low 
v a l u e s  o f  t h e  s t o r a g e  c o e f f i c i e n t ,  t h e  a m p l i t u d e s  are too  l a r g e .  
Watertable e levat ion  
F i g u r e  6 . 3  shows t h e  e f f e c t  of a n  e r r o r  i n  a n o d a l  w a t e r t a b l e  e l e v a t i o n .  
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F i g .  6 . 3  E r r o r  i n  w a t e r t a b l e  e l e v a t i o n  
I n  t h e  f i e l d ,  g roundwater  l e v e l s  are  measured as a d e p t h  t o  t h e  w a t e r t a b l e ,  
b u t  t h e  model r e q u i r e s  a b s o l u t e  e l e v a t i o n s  above a datum. T h i s  means t h a t  
t h e  e l e v a t i o n  of  t h e  r i m  of t h e  w e l l  o r  a r e f e r e n c e  p o i n t  i n  t h e  w e l l  must 
b e  known from a l e v e l l i n g  survey.  T h i s  l e v e l l i n g  i s  sometimes a g r e a t  
s o u r c e  of  e r r o r ,  e s p e c i a l l y  when t h e  l e v e l l i n g  survey  i s  n o t  performed i n  
c l o s e d  c i r c u i t s  o r  back and f o r t h  from a bench mark. Such m i s t a k e s  may go 
u n n o t i c e d  and t h e  r e s u l t i n g  e r r o r s  can r a n g e  from s e v e r a l  metres t o  some 
t e n s  o f  metres. Because t h e  i n i t i a l  and c o n s e c u t i v e  h i s t o r i c a l  w a t e r t a b l e s  
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are a l l  a f f e c t e d  i n  t h e  same way, a r e s u l t  as shown i n  F igu re  6 .3  can  be 
ob ta ined .  Because t h e r e  w a s  a l e v e l l i n g  e r r o r  of + 3 m i n  t h e  e l e v a t i o n  of 
t h e  w e l l ,  t h e  i n i t i a l  w a t e r t a b l e  and a l l  consecut ive  h i s t o r i c a l  w a t e r t a b l e s  
are 3 m too  h igh .  C h a r a c t e r i s t i c  of t h i s  type  of  e r r o r  i s  t h a t  i n  t h e  
beginning  of t h e  c a l c u l a t i o n  pe r iod  the  d e v i a t i o n s  between c a l c u l a t e d  and 
h i s t o r i c a l  w a t e r t a b l e  e l e v a t i o n s  inc rease  s t e a d i l y  and l a t e r  on become more 
o r  less cons t an t .  I n  t h i s  case, t h e  d e v i a t i o n s  s t a b i l i z e d  a t  3 m d i f f e r e n c e .  
PercoZation or abstraction 
Figure  6.4 shows t h e  e f f e c t s  of e r r o r s  i n  nodal n e t  p e r c o l a t i o n  and/or  
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F ig .  6.4 Erro r  i n  pe rco la t ion  o r  a b s t r a c t i o n  
These e r r o r s  are o f t e n  sys temat ic .  I f ,  f o r  example, i r r i g a t i o n  f i e l d  l o s s e s  
have' been a s ses sed  too  h igh ,  t h e  wa te r t ab le s  i n  a l l  areas where i r r i g a t i o n  
i s  p r a c t i s e d  w i l l  be too  h igh .  Another p o s s i b i l i t y  i s  t h a t  n o t  a l l  compo- 
n e n t s  i n f luence  t h e  w a t e r t a b l e  cons t an t ly .  A s  shown i n  F igure  6 . 4 ,  f o r  
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i n s t a n c e ,  t he  a b s t r a c t i o n  w a s  assessed reasonably w e l l ,  but t h e  pe rco la t ion  
from p r e c i p i t a t i o n  w a s  es t imated too high.  There w a s  no p e r c o l a t i o n  from 
r a i n f a l l  i n  t he  f i r s t  t h r e e  months, so  the  c a l c u l a t e d  wa te r t ab le s  match t h e  
h i s t o r i c a l  ones i n  t h a t  per iod.  
6 .1 .3  C a l i b r a t i o n  procedure 
A s  d e v i a t i o n s  between ca l cu la t ed  and h i s t o r i c a l  wa te r t ab le s  can be due 
e i t h e r  t o  e r r o r s  i n  ind iv idua l  input  parameters o r  t o  a combination of such 
e r r o r s ,  t h e  problem one f a c e s  i n  changing input  parameters i s  where t o  
s t a r t  and what t o  change. 
The b e s t  place t o  s t a r t  i s  i n  those nodal  areas where the  l a r g e s t  devi- 
a t i o n s  occur.  Th i s  i s  advised f o r  two reasons.  F i r s t l y ,  i f  input  d a t a  are 
changed i n  too many nodal areas a t  once, i t  w i l l  be d i f f i c u l t  t o  s ee  what 
t h e  i n d i v i d u a l  e f f e c t s  of t hese  changes are. Secondly, dev ia t ions  i n  a 
c e r t a i n  nodal a r e a  may w e l l  be the r e s u l t  of e r r o r s  i n  input d a t a  of o t h e r  
nodal  areas, whereas t h e  inpu t  d a t a  f o r  the nodal  area i t s e l f  are good. 
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Fig .  6.5 In f luence  of one area on another  
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For  the  nodal a r e a  i t s e l f ,  t he  i n p u t  d a t a  a r e  c o r r e c t ,  b u t  t h e  d e v i a t i o n s  
a r e  caused by an e r r o r  i n  t h e  s t o r a g e  c o e f f i c i e n t  i n  i t s  ne ighbour ing  n o d a l  
a r e a s .  When t h i s  e r r o r  i s  c o r r e c t e d ,  t h e  problem i n  the  noda l  a r e a  no 
longer  e x i s t s .  One must always b e  on o n e ' s  guard f o r  e r r o r s  of t h i s  k i n d ,  
and m u s t  never  f o r g e t  t h a t  changing an i n p u t  parameter i n  one nodal  a r e a  
w i l l  have an e f f e c t ,  e i t h e r  good o r  bad ,  i n  o t h e r  nodal a r e a s .  
A s  t o  the  ques t ion  of what t o  change, t h e r e  i s  no cut-and-dried answer;  t h e  
problem i s  t o  d e t e c t  which inpu t  pa rame te r ( s )  i s  ( a r e )  caus ing  t h e  devi -  
a t i o n s .  One begins  by cons ide r ing  t h e  f o u r  sou rces  of e r r o r :  
e r r o r s  i n  s t o r a g e  c o e f f i c i e n t  ( S )  
e r r o r s  i n  t r a n s m i s s i v i t y  ( K  o r  D )  
e r r o r s  i n  p e r c o l a t i o n  o r l and  a b s t r a c t i o n  (R o r  P) 
e r r o r s  i n  w a t e r t a b l e  e l e v a t i o n  (WE) 
By making a s e n s i t i v i t y  a n a l y s i s  of t h e  f i r s t  t h r e e  c a t e g o r i e s ,  it may 
p o s s i b l e  t o  d e t e c t  t h e  sou rces  of e r r o r .  A t  the  ve ry  l e a s t ,  a s e n s i t i v  
a n a l y s i s  w i l l  r e v e a l  t h a t  a w a t e r t a b l e  i s  more s e n s i t i v e  t o  changes i n  
k ind  of i npu t  parameter than  t o  changes i n  ano the r .  For example, from 
b e  
t Y  
one  
F igu res  6 . 1 ,  6 . 2 ,  and 6 . 4 ,  i n  which the  va lues  of K ( o r  D ) ,  S ,  and R ( o r  P)  
w e r e  changed 100 per  c e n t ,  i t  can be  seen  t h a t  t h e  w a t e r t a b l e  reacts more 
sha rp ly  t o  changes i n  n e t  r echa rge  (R o r  P) than  t o  changes i n  t h e  geo- 
hydro log ica l  parameters  ( K ,  D ,  and S ) .  S ince  t h i s  i s  t r u e  f o r  most 'ground- 
wa te r  b a s i n s ,  i t  i s  sometimes p o s s i b l e  t o  e s t a b l i s h  whether changes i n  t h e  
geohydrologica l  parameters  a lone  are s u f f i c i e n t  t o  reduce d e v i a t i o n s  t o  
w i t h i n  an accep tab le  range .  To be  a b l e  t o  do t h i s ,  one must set upper  and 
lower l i m i t s  f o r  each of t h e s e  parameters .  Suppose t h a t  t h e r e  are dev i -  
a t i o n s  of more than  3 m and s e n s i t i v i t y  runs  have i n d i c a t e d  t h a t  changing  
t h e  geohydrological parameters  up t o  t h e i r  l i m i t s  on ly  r e s u l t s  i n  changing  
t h e  wa te r t ab le  by 2 m, t h i s  i s  clear ev idence  t h a t  changes must a l s o  be 
made i n  the  n e t  p e r c o l a t i o n  and a b s t r a c t i o n  r a t e s  o r  w a t e r t a b l e  e l e v a t i o n s ,  
because t h e r e  a r e  obv ious ly  e r r o r s  i n  t h e s e  d a t a .  
The next  s t e p  i s  t o  examine t h e  p a t t e r n  of d e v i a t i o n ,  a s  t h i s  can h e l p  i n  
de termining  which of t h e  inpu t  parameters  i s  p r i m a r i l y  caus ing  t h e  devi -  
a t i o n s .  F igu re  6 .6  o u t l i n e s  a procedure t h a t  can  be  followed. It shows f i v e  
p o s s i b i l i t i e s .  











F i g .  6.6 Procedure f o r  determining which inpu t  parameter(s)  i s  ( a re )  
causing t h e  d e v i a t i o n  
P o s s i b i l i t y  1 r e f e r s  t o  a s i t u a t i o n  i n  which t h e  h i s t o r i c a l  wa te r t ab le  ex- 
h i b i t s  pe r iod ic  f l u c t u a t i o n s  and t h e  d e v i a t i o n s  keep changing i n  s i g n  from 
p o s i t i v e  t o  nega t ive .  The amplitude of t he  c a l c u l a t e d  wa te r t ab le  i s  then 
c o n s t a n t l y  g r e a t e r  o r  smaller  than t h a t  of t h e  h i s t o r i c a l  water table .  
F igu re  6.2 gives an example. 
P o s s i b i l i t y  2 r e f e r s  t o  c a l c u l a t e d  and h i s t o r i c a l  wa te r t ab le s  t h a t  match 
f o r  a c e r t a i n  pe r iod ,  and then  suddenly d e v i a t e .  An example is shown i n  
F igu re  6.7. It  i s  a l s o  poss ib l e  t h a t  t h e  c a l c u l a t e d  and h i s t o r i c a l  water- 
-. 
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t a b l e s  f i r s t  d e v i a t e  f o r  a c e r t a i n  per iod  and then  suddenly match. I n  bo th  
c a s e s  the re  are obvious ly  e r r o r s  i n  the  p e r c o l a t i o n  and/or  a b s t r a c t i o n  
r a t e s .  An e x p l a n a t i o n  of t h e  second could be  t h a t  du r ing  t h e  i n i t i a l  p e r i o d  
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F i g .  6.7 E r r o r  i n  n e t  deep p e r c o l a t i o n  
' 5 .  
P o s s i b i l i t y  3 r e f e r s  t o  d e v i a t i o n s  t h a t  do no t  n e c e s s a r i l y  change i n  s i g n ,  
b u t ,  v a r y  i n  magnitude wi th  t i m e .  This  i s  i l l u s t r a t e d  i n  F igu re  6 .8 .  Here 
t o o ,  t h e  b e s t  way t o  s t a r t  i s  by changing the  s t o r a g e  c o e f f i c i e n t  S. 
P o s s i b i l i t y  4 i s  c l e a r ;  when two ne igbour ing  nodal  a r e a s  e x h i b i t  t h e  same 
tendency i n  d e v i a t i o n s ,  bu t  w i th  oppos i te  s i g n s ,  i t  i s  a d v i s a b l e  t o  change 
t h e  t r a n s m i s s i v i t y  a t  t h e i r  common boundary ( see  a l s o  F i g .  6 . 1 ) .  In  a l l  
o t h e r  c i rcumstances ,  changing t h e  t r a n s m i s s i v i t y  w i l l  r e s u l t  i n  an i m -  
provement i n  one nodal  a r e a  and a worsening i n  ano the r .  It i s  no t  a d v i s a b l e  
t r y i n g  t o  change t h e  p e r c o l a t i o n  o r  a b s t r a c t i o n  r a t e s  i n  o u t p u t s  a s  i n  
F i g u r e  6 . 1 ,  because e r r o r s  i n  n e t  recharge  a r e  o f t e n  s y s t e m a t i c .  Th i s  means 
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F i g .  6 . 8  E r r o r  i n  s t o r a g e  c o e f f i c i e n t  
P o s s i b i l i t y  5 i s  t h e  most d i f f i c u l t ;  i t  means t h a t  none of t he  previous 
p o s s i b i l i t i e s  were c l e a r l y  r e l e v a n t ,  s o  t h a t  t he  cause of the dev ia t ions  
must be sou,ght i n  e r r o r s  i n  n e t  p e r c o l a t i o n  and/or  a b s t r a c t i o n  rates o r  
e r r o r s  i n  w a t e r t a b l e  e l eva t ions .  When the  c a l c u l a t e d  wa te r t ab le s  are 
c o n s i s t e n t l y  too high o r  t oo  low over t h e  whole area o r  over a p a r t  of i t ,  
i t  i s  adv i sab le  t o  re-evaluate  the n e t  perco ' la t ion and/or  a b s t r a c t i o n  
rates.  When i s o l a t e d  dev ia t ions  occur without any clear p a t t e r n ,  i t  i s  
adv i sab le  t o  re-evaluate  the  l e v e l l i n g  d a t a  i n  those a reas .  
The procedure o u t l i n e d  above i s  meant merely as a gu ide l ine ;  one w i l l  
always f ace  d e v i a t i o n s  occurr ing i n  a p a t t e r n  t h a t  suggests  t h a t  they a r e  
due t o  e r r o r s  i n  one input  parameter, whereas i n  r e a l i t y  they are due t o  a 
combination of e r r o r s .  The procedure merely suggests  which inpu t  parameter 
one might s ta r t  with.  In Figure 6 . 4 ,  f o r  i n s t a n c e ,  t he re  may a l s o  be an 
e r r o r  i n  t h e  s to rage  c o e f f i c i e n t ,  b u t  changing t h a t  parameter i n  an e a r l y  
s t a g e  w i l l  n o t  improve the  p i c tu re .  
180 
6.2 Product ion  r u n s  
6 . 2 . 1  General  
So f a r ,  a l l  t h e  work of c o l l e c t i n g  t h e  d a t a ,  p repa r ing  t h e  d a t a  se t s ,  and 
c a l i b r a t i n g  t h e  model has  on ly  allowed u s  t o  r e c o n s t r u c t  t h e  h i s t o r i c a l  
measured wa te r t ab le  e l e v a t i o n s .  But t h e  t r u e  purpose of a model i s  t o  in-  
d i c a t e  what t h e  long-term behaviour  of the w a t e r t a b l e  would be  i f  c e r t a i n  
p l a n s  f o r  t h e  use  of water were t o  be implemented. A ' 'production run" i s  
t h e  term used when t h e  model s i m u l a t e s  f u t u r e  p e r c o l a t i o n  and a b s t r a c t i o n  
a s  i f  a c e r t a i n  development p l a n  had a l r e a d y  been implemented. 
Such p lans  in t roduce  e i t h e r  p e r c o l a t i o n  o r  a b s t r a c t i o n  (or  bo th )  t h a t  i s  
d i f f e r e n t  from the  p e r c o l a t i o n  o r  a b s t r a c t i o n  i n  t h e  p a s t .  A new i r r i g a t i o n  
scheme, fo r  example, i n t roduces  a d d i t i o n a l  p e r c o l a t i o n  through i r r i g a t i o n  
l o s s e s  and leaching  p r a c t i c e s ,  i f  any; a new pumping s t a t i o n  f o r  domest ic  
water supp l i e s  o r  f o r  i r r i g a t i o n  i n t r o d u c e s  new, l o c a l l y  h igh ,  a b s t r a c t i o n  
rates.  Amore complex s i t u a t i o n  i s  one i n  which an a r e a  i s  a l r e a d y  b e i n g  
i r r i g a t e d  wi th  water from a r i v e r  b u t ,  s i n c e  t h e  r i v e r  flows va ry  g r e a t l y ,  
a p l a n  i s  be ing  drawn up t o  use  groundwater a s  an a u x i l i a r y  supply .  Such a 
p l a n  no t  only means r a t e s  of groundwater a b s t r a c t i o n  t h a t  w i l l  va ry  i n  
accordance wi th  the  r i v e r  f lows  b u t  a l s o  new, a d d i t i o n a l  p e r c o l a t i o n .  
I n  complex s i t u a t i o n s  l i k e  t h i s ,  t h e  model enab le s  us  t o  examine what 
consequences a c e r t a i n  development p l an  w i l l  have on t h e  w a t e r t a b l e .  But - 
and t h i s  i s  t h e  r e a l  s t r e n g t h  of t h e  model - i t  a l s o  a l lows  us  t o  s tudy  
t h e  consequences of a number of a l t e r n a t i v e s  w i t h i n  t h e  development p l a n .  
P o s s i b l e  a l t e r n a t i v e s  a r e :  
0 whether i r r i g a t i o n  c a n a l s  should be  l i n e d  o r  n o t  
what i s  t h e  b e s t  s i t e  f o r  a pumping s t a t i o n  
what a r e  t h e  e f f e c t s  of changes i n  t h e  r e l a t i v e  c o n t r i b u t i o n  of 
which i r r i g a t i o n  method should. be  app l i ed  
su r face  water  and groundwater. 
By s imula t ing  such a l t e r n a t i v e s ,  one can provide  the  decision-maker w i t h  a 
sound bas i s  on which t o  s e l e c t  t h e  most a p p r o p r i a t e  p l an .  
Each development p lan  o r  a l t e r n a t i v e  w i t h i n  it can be  " t r a n s l a t e d "  i n t o  
new, a d d i t i o n a l  p e r c o l a t i o n  a n d f o r  a b s t r a c t i o n  r a t e s .  These r a t e s ,  super -  
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imposed on t h e  a c t u a l  r a t e s ,  can be  regarded  as the  assumed, f u t u r e  hydro- 
l o g i c a l  s t r e s s  on t h e  groundwater b a s i n .  Together wi th  t h e  v a l u e s  of t h e  
hydrogeologica l  parameters  t h a t  were found dur ing  t h e  c a l i b r a t i o n  p rocess ,  
t hey  form t h e  base  of t he  d a t a  sets f o r  product ion  runs .  
The pe r iod  over which the  model can  s i m u l a t e  f u t u r e  cond i t ions  i n  produc- 
t i o n  runs  can be a s  long  as one l i k e s ,  a l though pe r iods  of twenty t o  f o r t y  
y e a r s  w i l l  s u f f i c e  f o r  most purposes .  The advantage of such long-term 
s imula t ion  i s  t h a t  cyc le s  of d ry  and w e t  y e a r s  can be s imula ted ,  wi th  
groundwater mining i n  dry y e a r s  and groundwater recharge  i n  w e t  y e a r s  (de 
Ridder  and Erez 1 9 7 7 ) .  
6 . 2 . 2  ' D a t  a requi rements  
For p roduc t ion  runs ,  our model r e q u i r e s  Data Sets I ,  11, 111, and/or  I V .  A 
b r i e f  d e s c r i p t i o n  of each fo l lows .  
A s  Data S e t  I c o n s i s t s  of d a t a  on t h e  geometry of t h e  nodal  network and on 
t h e  hydrogeologica l  parameters  of t h e  a q u i f e r ,  i t  i s  t h e  same f o r  produc- 
t i o n  runs  as it  w a s  a f t e r  c a l i b r a t i o n ,  except  f o r  t h e  parameters of t i m e  
d i s c r e t i z a t i o n .  Because t h e  p e r c o l a t i o n  losses  and a b s t r a c t i o n  r a t e s  w i l l  
u s u a l l y  be prepared  on a monthly b a s i s  (TMBAS i s  month),  LIST denotes  t h e  
number of y e a r s  one wants t o  s i m u l a t e ,  MAJOR i s  equal  t o  12 (denot ing  
months),  and M I N O R  and DELTA are e q u a l  t o  1 .  I f  DELTA i s  chosen as O .5 ,  
M I N O R  i s  then  equal  t o  2 .  
A s  Data S e t s  111 and I V  c o n s i s t  on ly  of e x t e r n a l  swi tches  f o r  p r i n t i n g  o r  
p l o t t i n g  t h e  s imula t ion  r e s u l t s ,  t hey  c o n s t i t u t e  no problem. The only 
d i f f i c u l t i e s  t h a t  may arise are i n  Data Se t  11, which c o n s i s t s  of t h r e e  
types  of d a t a :  
i )  d a t a  on i n i t i a l  w a t e r t a b l e  e l e v a t i o n s  
i i )  
i i i )  d a t a  on boundary c o n d i t i o n s  
i )  I n i t i a l  w a t e r t a b l e  e l e v a t i o n s  must b e  p re sc r ibed  f o r  a l l  i n t e r n a l  
nodes and f o r  any e x t e r n a l  nodes t h a t  are head-cont ro l led .  To o b t a i n  t h e s e  
e l e v a t i o n s ,  one needs t h e  most r e c e n t l y  recorded  d a t a .  One might ,  f o r  in -  
d a t a  on p e r c o l a t i o n  and a b s t r a c t i o n  rates 
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s t a n c e ,  use  l as t  y e a r ’ s  r eco rds  of obse rva t ion  w e l l s  and c a l c u l a t e  from 
them t h e  mean w a t e r t a b l e  e l e v a t i o n s .  These va lues , ,  t ransposed  t o  a water- 
tab le-contour  map and superimposed on t h e  network, a l low t h e  nodal  water- 
t a b l e  e l e v a t i o n s  t o  be  determined. 
; i )  The f u t u r e  assumed p e r c o l a t i o n  and a b s t r a c t i o n  d a t a  i n  each  nodal  area 
must be p re sc r ibed  f o r  each product ion  run .  F i r s t  t h e  p e r c o l a t i o n  and/or  
a b s t r a c t i o n  rates as they  w i l l  be under t h e  development p l an  are c a l c u l a t e d .  
These r a t e s  are then  superimposed on the  p r e s e n t  r a t e s ,  which may c o n s i s t  
of p e r c o l a t i o n  from r a i n f a l l ,  groundwater i n f low and/or  ou t f low over  t h e  
boundar ies  of t h e  a r e a ,  a b s t r a c t i o n  from w e l l s ,  e t c .  The f i n a l  r a t e s  must 
b e  p re sc r ibed  f o r  each month and f o r  t h e  number of y e a r s  one wants t o  
s imula t e .  Depending on c o n d i t i o n s ,  t h e r e  a r e  two ways i n  which one can  
proceed. 
F i r s t l y ,  it i s  sometimes j u s t i f i e d  t o  assume t h a t  &he p e r c o l a t i o n  and 
a b s t r a c t i o n  rates w i l l  no t  vary  s u b s t a n t i a l l y  from y e a r  t o  y e a r ,  a l t hough  
they  may vary  from month t o  month w i t h i n  each y e a r .  I n  such c i r cums tances  
one can prepare  monthly nodal  p e r c o l a t i o n  and a b s t r a c t i o n  rates f o r  one 
y e a r ,  based on an average of t h e  f u t u r e  p e r c o l a t i o n  and a b s t r a c t i o n  r a t e s .  
Using the  e x t e r n a l  swi tch  LSW4 i n  Data S e t  I1 ( see  Chap. 4 S e c t .  2 . 2 )  one 
can  r epea t  t h i s  one-year d a t a  base  f o r  t h e  number of yea r s  one wants t o  
s imula t e .  Th i s  saves  cons ide rab le  time i n  d a t a  p r e p a r a t i o n .  The r e s u l t s  of 
such a run w i l l  show how long  it  w i l l  t a k e  b e f o r e  a “new“ s t e a d y - s t a t e  
c o n d i t i o n  i n  t h e  groundwater b a s i n  i s  reached and t o  what e x t e n t  t h e  
w a t e r t a b l e  w i l l  r i se  or f a l l .  
Unfor tuna te ly ,  s i t u a t i o n s  as simple a s  t h a t  d e s c r i b e d  above w i l l  n o t  o f t e n  
b e  encountered and i t  w i l l  be f a r  more common t o  meet s i t u a t i o n s  i n  which 
p e r c o l a t i o n  from r a i n f a l l  p l ays  an  impor tan t  r o l e ,  w i th  r a i n f a l l  va ry ing  
s t r o n g l y  from one yea r  t o  ano the r ,  o r  i n  which a b s t r a c t i o n  r a t e s  from 
pumped w e l l s  a r e  expected t o  vary  due t o  a non-regulated s u r f a c e  water 
supply .  Here, one cannot base  product ion  runs on average  c o n d i t i o n s ,  b u t  
must prepare  monthly p e r c o l a t i o n  and a b s t r a c t i o n  rates f o r  each s e p a r a t e  
y e a r .  Because product ion  runs  are p r o j e c t i o n s  of p o s s i b l e  f u t u r e  c o n d i t i o n s ,  
one must use  p r o b a b i l i t y  a n a l y s i s  t o  q u a n t i f y  t h e  v a r i a t i o n s  of t h e  d i f f e r -  
e n t  p e r c o l a t i o n  and/or  a b s t r a c t i o n  r a t e s  from one y e a r  t o  ano the r  and 
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d e r i v e  s t o c h a s t i c  sequences.  F igu re  6 .9  shows an example of s t o c h a s t i c a l l y  
determined a b s t r a c t i o n  r a t e s ,  i n  which y e a r s  of "normal" s t ream flow a r e  
fo l lowed by d r y  y e a r s  when groundwater i s  mined t o  meet t he  water demand. 
m 








F i g .  6 .9  Water tab le  behaviour  of two nodes f o r  s t o c h a s t i c a l l y  va ry ing  
a b s t r a c t i o n  rates (de  Ridder and Erez 1977) 
For more informat ion  on t h i s  s u b j e c t ,  t h e  r e a d e r  i s  r e f e r r e d  t o  ILRI  Pub l i -  
c a t i o n  21: Optimum use of water resources (de Ridder and E r e z  1977). 
iii) The i n t r o d u c t i o n  of s u r f a c e  water i r r i g a t i o n  o r  groundwater abs t r ac -  
t i o n  may cause a change i n  t h e  boundary c o n d i t i o n s  of t h e  s tudy  a rea .  These 
f u t u r e  boundary c o n d i t i o n s  must be  p re sc r ibed .  Zero-flow boundar ies  c o n s t i -  
t u t e  no problem because  they  remain unchanged. Flow-controlled and head- 
c o n t r o l l e d  boundar i e s ,  however, r e q u i r e  a p r o j e c t i o n  of how they may change 
under f u t u r e  c o n d i t i o n s .  A way t o  avoid t h i s  problem i s  t o  extend the  n e t -  
work ove r  such  a l a r g e  a r e a  t h a t  no matter what t h e  f u t u r e  cond i t ions  are,  
they  w i l l  n o t  e x e r t  any i n f l u e n c e  on t h e  boundar ies  of t he  a q u i f e r .  If such  
an  e x t e n s i o n  i s  imposs ib le ,  one must ana lyse  t h e  behaviour  of t h e  boundary 
c o n d i t i o n s  i n  t h e  p a s t  and e x t r a p o l a t e  t h i s  i n t o  t h e  f u t u r e .  
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6 . 2 . 3  S e n s i t i v i t y  a n a l y s i s  
A s e n s i t i v i t y  a n a l y s i s  made du r ing  p roduc t ion  runs  can a n a l y s e  the sen- 
s i t i v i t y  of an a q u i f e r  t o  changes i n  t h e  h y d r o l o g i c a l  stress exe r t ed  on i t .  
Two sepa ra t e  occas ions  c a l l  f o r  a s e n s i t i v i t y  a n a l y s i s .  
F i r s t l y ,  a new development p lan  impl i e s  a whole set  of assumptions: a new 
cropping  p a t t e r n ,  a new water d e l i v e r y  system, improved i r r i g a t i o n  e f f i c i e n -  
c i e s ,  groundwater pumped by i n d i v i d u a l  fa rmers  o r  supp l i ed  from w e l l s  owned 
by t h e  s t a t e ,  and s o  on. A l l  t h e s e  assumptions and cor responding  d a t a  a r e  
drawn up from behind a desk ;  they  are d e s i g n  v a l u e s .  In r e a l i t y ,  when t h e  
p l an  i s  implemented, t h e r e  w i l l  be  many d e v i a t i o n s :  some farmers  w i l l  n o t  
pump groundwater o r  w i l l  pump i t  f o r  s h o r t e r  o r  l onge r  p e r i o d s  than w e r e  
envisaged; i r r i g a t i o n  conveyance, d i s t r i b u t i o n ,  and f i e l d  a p p l i c a t i o n  
e f f i c i e n c e s  w i l l  d i f f e r  from t h e  assumed ones ,  and so on. Making a s e n s i t i v -  
i t y  a n a l y s i s  of t h e  major assumptions w i l l  show how s e n s i t i v e  the  d i f f e r e n t  
p a r t s  of the  a q u i f e r  are t o  d e v i a t i o n s  from t h e  d e s i g n  v a l u e s .  I f  such a 
s e n s i t i v i t y  a n a l y s i s  shows t h a t  c e r t a i n  of t he  assumptions are h igh ly  
s e n s i t i v e  i .e .  t h a t  d e v i a t i o n s  i n  them w i l l  r e s u l t  i n  apprec ï ab ly  d i f f e r e n t  
w a t e r t a b l e  behaviour ,  one must make a number of a l t e r n a t i v e  runs ,  showing 
t h e  inf luence  of t h e s e  d e v i a t i o n s  on t h e  w a t e r t a b l e .  The decision-maker 
w i l l  then b e  forewarned and can perhaps re -eva lua te  the  assumptions.  
Secondly, once c e r t a i n  v a l u e s  have been a s s igned  t o  t h e  head- and flow- 
c o n t r o l l e d  boundar ies ,  t h e s e  boundary c o n d i t i o n s  w i l l  i n f l u e n c e  t h e  f u t u r e  
w a t e r t a b l e  behaviour.  I f  t h e  network does n o t  ex tend  f a r  enough beyond t h e  
a r e a  t h a t  w i l l  be a f f e c t e d  by major changes i n  t h e  h y d r o l o g i c a l  s t r e s s ,  t h e  
f u t u r e  condi t ions  at  t h e  boundar ies  can d i f f e r  apprec i ab ly  from the  p r e s e n t  
ones.  A s e n s i t i v i t y  a n a l y s i s  of t h e  boundary c o n d i t i o n s ,  performed by 
making production runs  wi th  va ry ing  w a t e r t a b l e  e l e v a t i o n s  andfo r  f lows  
a c r o s s  the  boundar ies ,  w i l l  show t h e  i n f l u e n c e  of such v a r i a t i o n s  on f u t u r e  
wa te r t ab le  behaviour.  I f  an apprec i ab le  i n f l u e n c e  i s  found, one must 
e n l a r g e  the  a r e a  s imula ted .  
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6 . 2 . 4  Network mod i f i ca t ion  
When a s e r i e s  of p roduc t ion  runs  have been made t o  test  va r ious  a l t e r n a t i v e  
p l a n s ,  t h e i r  r e s u l t s  should  be  examined and non-feas ib le  plans should be 
d i sca rded .  A f t e r  ranking  t h e  remaining p l a n s ,  i t  may happen t h a t  one wants 
t o  make a more a c c u r a t e  s t u d y  of one o r  two of t h e  "bes t"  a l t e r n a t i v e s .  To 
do so,  one may need a d i f f e r e n t ,  dense r ,  noda l  network than t h a t  used i n  
t h e  e a r l i e r  runs.  Th i s  w i l l  be  s o ,  f o r  i n s t a n c e ,  when one needs more 
a c c u r a t e  va lues  of w a t e r t a b l e  e l e v a t i o n s  i n  a r e a s  where f u t u r e  a b s t r a c t i o n  
r a t e s  w i l l  be h i g h  and where, consequent ly ,  h y d r a u l i c  g r a d i e n t s  w i l l  be 
s t e e p .  The mesh s i z e  of t h e  network i n  such a r e a s  should then be reduced 
acco rd ing ly .  
The d a t a  on t h e  geometry of t he  new network must be  prepared and t h e  d a t a  
on i t s  hydrogeologica l  parameters  de r ived  by i n t e r p o l a t i o n  from t h e  ones 
found af  t e r  c a l i b r a t i o n .  
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A P P E N D I X  1 
L I S T I N G  OF SOURCE PROGRAMS 
Source programs l i s t i n g s  are given t o  i l l u s t r a t e  where t o  make any changes 
demanded by t h e  u s e r ' s  nodal  network o r  h i s  computer system. 
Copies of t h e  sou rce  programs i n  the  form of a complete set of punched 
c a r d s  can be  ordered  from I L R I ;  the  only c o s t s  involved  are those  of 
copying the programs and of m a i  ing t h e  c a r d s .  A l l  dimension s t a t emen t s  i n  
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F O R H A T ( / / 2 6 H  DEL0 I S  T O 0  SMALL AT T I M E , F 8 # 4 / / )  
WRITECIPR, 19)  1 
FoRMAT(/ /6GlX,37H R E L A X A T I O N  F A I L S  TO CONVERGE A T  TIHEfF8e4) 
DO 2 5  K 8 1,Nt l  
I F ( H ( K ) e G E . O L ( K ) , A N D e H ( K ) , L T I U L ( K I )  GO T O  25 
I F ( A R S ( F L W C O N ( K ) )  * G T s A B S ( R E C h ( K ) ) )  Go TO 21 
IF( ITRNO.LT.50)  GO T O  2R 
T D R E C M D A ~ S ( R E C H ( K ) ) * D E ~ ~  
C u  TO 22 
T[)REcHMABS (FLWCDN ( K I  1 +OELQ 
IF(K,LE,NCONP) GO T O  23 
GO T O  2 4  
DRECH(K1 =DRECH ( K )  +TDRECH 
Lh 8 1 
CONTINUE 
I F ( I T R N U s G E . S 0 , 0 R , S U ~ I T R s G E ~ 5 0 )  G O  T O  37 
IF(LM,EU. l )  S U B I T R ~ S U D I f R + l  
I F ( L M r E O e l )  G f l  TO l l J  
IF( ITOET.EQ,2)  C O  T O  9 
I F  (K,GT.NSCONF) GO TO 27 
IF(H(KI,LT,OL(K)) GO T O  23 
DRECH ( K )  MDRECH ( K )  rTDRECH 
DO 26 K W l f N N  
IF (HCONF ( K I  .GT OSL ( K I  1 
F O R N A T ( / / 3 9 H  WATER TABLE I N  C O N F I N I N G  LAYER A T  N O O E ~ I 3 i 3 l H  I S  ABOV 
WRITE ( I P R ,  2 9 )  K, T 
I E  SURFACE L E V E L  AT T I H E f F 8 . 4 )  
IF(K,GT,NCONF) G O  f O  26 
I F  (H(K1 .LT,  ( R L ( K l + T H I D ( K I )  I WRITE(  I P R f 3 6 1  K,T 
FORHAT (//37H PIEZOMETRIC LEVEL I N  AQUIFER AT N O D E f I 3 f 2 6 H  I S  BELOW 
lTOPLAYER AT T I M E t F 8 * 4 )  
CONTINUE 
W R I T E ( I D S K 2 )  ( R E C H ( K ) f T O T A L n ( K ) , S ( K )  , F L W C O Y ( K ) , O R E C H ( K I , K ~ l , N N )  
w R I T E ( I O S K 2 )  ( H ( K ) , K ~ l ~ T N N ) ~ T , I T R ~ O ~ O E L T A , S U B I T R  
I F [ N S C O N F , G T ~ B )  w R I T E ( I O S K 2 )  (HCONC(K) , Q S E E P ( K I , S C ( ~ ) , K ~ l ~ N S C O N F l  
CON1 INIJE 





1 4  
1 
44 
4 3  
4 2  
3 9  
47  
2 7  
2 8  
2 
3 
4 1  
40  
4 5  
4 
GRaUNO~ATERHODEL/PART3A I PRENTING OF RESULTS 
IIITEGER TNN, SUBITR 
DIMENSION H(TNN)  t S L (  NN) ,HCOkF( N N l , T I T L E ( 4 0 )  t T Y B A S ( 2 )  
DIMENSION RECM t N N I ,  FLWCON ( N f l l ,  TOTALO C N N I  1s [ NN) I OSEEP ( NN) 
DIMENSION SC ( NN) ORECH ( NM) T O T R E  ( NN) , TOTFC ( N N I  p T O T S O  [ NN) 
DIMENSION T O T S  ( N I I I ,  T O T O S  ( NN) t TOTSC ( NN) , TOTDQ ( NN) 
IRO.8 
I P R t 5  
I D S K 2 0 2  
REWIND I O S K 2  
R E A D ( I D S K 2 )  L I S T , M A J U R , M I t ~ O R , D E L T A , T , N N , T N N , L S W l  
READ( I D S K 2 )  
R E A D ( I R D , l I )  LSW7,LSw8,LSWg 
( H ( K )  , K m l  ,T I IN) ,  NSCONF, (SL ( K )  , K m l  ,NNI  ,NCONF, T ITLE,TMBAS 
IF(NSCONFIGT,@) R E A D ( I D S K ~ I  (HCONF(K1 ,K=l,NSCUNF) 
FORMAT ( 3 1 4 )  
IF(LSW9.EQ. l )  WT”N 
IF(LSWQ.EO.21 NT=TNN 
NEXTNSTNN-NN 
N PH m N N c Ij C O N F 
NNCmNCONFrNSCONF 
WRITE ( I P R ,  1) 
FORMAT ( 9 H  S O L U T I O N / / / / )  
W R I T E ( I P R , 4 4 1  T I T L E  
FORM A f  ( 2 1 H 
FORHAT(28H rJUHRER OF INTERNAL NODES I S , I 4 / 2 B H  NUMBER OF EXTERNAL N 
IODES I S , 1 4 / / / 3 8 Y  tlUMBER OF SEHICONFINEO NODAL AREAS 1 3 , 1 4 / 3 8 H  NUMB 
2ER OF CONFItJED IJODAL AREAS L S , I 4 / 3 8 H  NUMBER OF UNCOhFINED NODA 
3L AREAS 1 S , I 4 / 1  
GROUND W AT ER MO DEL FOR, 2 B  A 4 120 A 4 / / ) 
NR 1 TE ( I P R I  4 3 1 NN , NE X T N , N SC ONF, N N C NPH 
I F  (LSW 1 ,EO, 1) WRITE ( I P R ,  4 2 )  
I F ( L S W I  .Eu12]  W R I T E ( I P R , 3 9 )  
FORMAT( / /22H U N I T  LENGTH I 1 METHE/25H U N I T  AREA ? 1 SQ,HETRE/25 
F O R f l A T ( / / 3 0 } i  U N I T  LENGTH I 1 METRE/34H U N I T  AREA I 1,WBB 
l,Cl0@ SO,METRES/34H LJNIT VOLUME t 1 1 8 8 0 , 0 R @  CUqHETRESI 
1 H  U N I T  VOLIJME 8 1 CU,HETRE) 
11 
WRITE ( I P R ,  4 7 1  TYBAS 
FORMAT(//JGiH U N I T  OF T I M E  FOR DELTA 4ND BOUNDARY CONDITIONS I S r 2 A 4  
d R I T E ( I P R , 2 7 )  
FORMAT( / / /PBH VALUES OF EXTERNAL SWITCHES/)  
rJR I TE ( I PR, 28 1 
F O R M A T ( l A X , 7 H L S Y I  , I 2 / 1 B X , 7 H L S w 8  , 1 2 / l n X , 7 H L S W 9  0 r I 2 )  
LSW7, LSIJB LSW 9 
WRITE ( I P R , 2 )  
FORMAT ( / / / / 3 1 H  I N I T I A L  WATER LEVEL E L E V A T I O N S / )  
WRITE (1PR,3)  T 
f O R H A T ( / / 9 H  = , F l A * 4 / / 1  
I F  (K,LE,NSCONF) WHITE ( I P R ,  4 1 )  K,H ( K )  ,HCONF(KI  
I F  (k  ,GT.NSCOtJF,AND.K,LE, NCONFI WRITE ( I P R ,  4 0 )  K t  H ( K I  
I F  (K,GT,NCONF) WRITE ( I P R ,  45 )  K,  W ( K I  
FORt lAT(9M NODE NO,,I4,SX,17HHZERO SEMICONF 8 ,F8,4,5X,5HH’ 8 f F 8 . 4  
FORMAT(9H NODE NO,,I4,SX,17HHZEHO CONFINED rP8.4)  
FORHAT(9H NODE NOI,I4,5X,17HH2ERO UNCONF ,F8,4) 
OD 4 K ~ ~ , N T  
1) 
CUNTINUE 
00 90 L m 1 , L I S T  
IF(LSW8.NE.31 GO TO 6 
TOTRECK) af l .@ 
T O T S D  (K 1 88 , 0 
T o T s ( K 1  gB.8  


















1 7  
19 
1 8  
2 6  
DO 38 K a l f N T  
I F  (KeLE.NSCONF) WRITE ( I P R ,  3 7 )  K, H ( K I  ,HCONF ( K I  
I F  (KsGT.NSCONFsANDsK *L,EotJCONF) WRITE ( I P R 1 3 6 )  K , H ( K I  
I F  ( K  e C T , NCO HF ] 
FORMAT(9H NODE N O e , I 4 , S X , l 3 H H  CONFINED , F e e 4 1  
FORMAT(9H NODE NO,,I4,SX,l3HH UNCONF 0 tF8 .4)  
W R  I TE ( I P R ,  35) K , H (K 1 
FORMAT(9H NODE rJO,,I4,JX,13HH SEMICONF ,FBe4,JX,SHH1 ,F8.4) 
CONTINUE 
IF(LSW8.NEe1)  GO T O  7f4 
WRITE( IPR,161 
F U W H 4 T ( / / 2 4 t i  WATERBALANCE COMPONENTS) 
N R I T E ( I P R , 1 7 1  
F O R f l A T ( / / ( S H  NOOE,4X,8HRECHARGE,4X, 17HCMANGE I N  STORAGEtdX, 12HSEEP 
1AGE FLOW,4X117HCHANGE I N  STORAG€,4X,21HTOTAL SUBSURFACE FLOW,4X,9H 
2PUMP FLOW,4X,13HDRAINAGE F L O W / 2 4 X , l l H I N  TOPLAYER,27X, lBHIN AQUIFER 
3 /30X,JSH(ALL COMPONENTS AR€ CALCULATED FOR THE LAST T I M E S T E P ) / ) )  
DUM.@. B 
WKITE ( I P R ,  201) 
FOPHAT( / /4UH WATERBALANCE COMPONENTS FOR WHOLE B A S I N / )  
3 4  
2 2  
2 3  
1F(LSW7,NEe2)  GO T O  22  
IF(K.LE.NSCONF) WRITE ( I P R ,  3 7 )  K,H ( K )  ,HCONF ( P I  
DO 3 4  N S l , N T  
I F  (K .CT.NSCONF,AND .LE,NCOIIPJ WRITE ( I P R ,  36) K , H (KI 
I F  (KaGT,NCONF) WRITE ( I P R , 3 5 )  K,HCKI 
CONTINUE 
I F ( L S W 8 , ~ l E s 2 1  GO TO 80 
W R I T E ( I P R , l G I  
WHITE (IPR, 2 3 1  M I N O R  
F O R M A T ( / / ( 5 H  ND@E14X,BHRECMARGE,4X, 17HCHANGE I N  STORAGE,4X, 12HSEEP 









3 4  




























2 1  
22 
2 7  
23 
2 4  
38 
37 








4 0  
1 
2 
4 7  
4 6  
3 
4 
4 9  
5 
9 





4 4  
12 
1 7  
FORHAT ( 2 6 A 4 j 2 0 A 4 )  
READ ( I R D ,  11 NX ,NY ,NSCONFtUCONF, NEXTI I  
F O R M A T ( S I 4 )  
FORHAT(2F4,8,F7,S,F8.4) 
FORHAT (8F5.21 
NN 8N X I N  Y 
1 NN t NFJ +NE X T N 
Nfl=t.1N+l 
NCOtjF SN C 0 NF +NS CUNF 
NPHrNN-NCONF 




N 5 * N N * N X + t4 Y 
R E A D C I R D r 4 6 )  T M B A S , D r T I M , T , S C A L E , L S ~ ~  
F O R H A T ( 2 A 4 , 2 F 4 , l , F 8 , B , I 4 )  
REA@ ( I R D ,  3 )  DELTA, M I  t + O R ,  M A  JOH, L I S T  
F O R M A T  ( F 4 * 2 , 3 1 4 )  
RE AU ( IRD,  2 )  
R E A D ( I R D p 4 7 )  C O f R Y , C O R B Y , C O R H X , C O L ~ X , C O N D T B , C ~ ~ D ~ B , C O N ~ R B , C O N D L ~  
SLC ,BLC, S l a ,  CONOuC 
READ CIRO,4)ERWOR,COEFF4 
FORHAT ( 2 F 8 . 2 )  
R E A D ( I R O , 4 9 )  LSU2,DELQ 
FORMAT (14, F4.1)  
O0 5 Kul , "  
N S I D E ( K J 8 4  
S L  ( K I  CSLC 
BL (KI 'BLC 
D o  9 KS1,TNN 
TFCLSW2,EQ121 GO TO 7 
READ[ IRD,48)  U L C t O L C  
FORMAT (2F4.01 
DO 1 5  K = l , N N  
UL (KI UULC 
OL (KI ~ O L C  
C O  T O  i a  
DO 8 K o l , "  
UL ( K I  ESL ( K I  
OL (K).BL (I() 
HRITE(XPR,44)  T I T L E  
FORMAT ( 2 1 H  GROlJNDW4TERMOOEL F O R 1 2 0 A 4 / 2 0 A 4 / / J  
FORHAT(28W NUIIE)ER @F INTERNAL NODES I S , I 4 / 2 8 H  NUMBER D f  EXTERNAL N 
OER OF CONFINED tlL1DAL AREAS 1 3 , 1 4 / 3 8 H  NUMBER OF UNCONFINED NRDA 
WRITE ( I P R ,  12) Ntqr NEXTfI,NSCONF, NNC, NPH 
IODES I S , f 4 / / / 3 8 W  tcUMBER OF SEb!ICONFINEO NODAL AREAS I S , I 4 / 3 8 H  NUMB 
3L AREAS I S t 1 4 / )  
I F ( L S h l q E Q . 1 )  W R I T E ( I P R ~ l 7 I  
I F ( L ~ W I . E Q D ~ I  WRITEtXPR,39)  




1 3  
4 1  
11 
5 8  
59  




6 1  
203 








5 4  

























































4 5  








A computer ca rd  con ta ins  80 columns i n  which i n p u t  d a t a  can be  punched. To 
ensu re  t h a t  t h e  punched d a t a  a r e  read  c o r r e c t l y  by t h e  computer,  c e r t a i n  
s p e c i f i c a t i o n s  must be p re sc r ibed .  These s p e c i f i c a t i o n s  i n d i c a t e  how many 
columns are a l l o c a t e d  t o  each  v a r i a b l e  and what k i n d  of d a t a  can  be ex -  
pec ted .  Th i s  i n fo rma t ion  is provided by a FOT'AT s t a t emen t .  
We have used t h r e e  types  of FORMAT s t a t e m e n t s  i n  o u r  programs: I ,  F ,  and A 
formats .  
I .  I fo rma t ,  i n  t he  form Iw. I s p e c i f i e s  t h a t  t h e  va lue  i s  a dec imal  
i n t e g e r  va lue  (whole number) ; w s p e c i f i e s  t h e  f i e l d  l eng th  (number of 
columns) i n  which t h e  v a l u e  can be  punched. The v a l u e  i s  punched as f a r  
r i g h t  as p o s s i b l e  i n  t h e  a l l o t e d  group of .columns; unused space  i s  l e f t  
b lank .  The use  of a p l u s  s i g n  i s  o p t i o n a l ;  i f  no p l u s  s i g n  i s  punched, t h e  
v a l u e  i s  t aken  t o  be p o s i t i v e .  Blanks a f t e r  t h e  l a s t  punched d i g i t  i n  each  
f i e l d  a r e  i n t e r p r e t e d  as zeros .  Decimal p o i n t s  should  no t  be punched. 
Examples of I formats  are shown below. 
Format E x t e r n a l  va lue  Card columns Value s t o r e d  i n  
1 2 3 4 5 6 7  computer memory 
- 
I 3  2 84 2 8 4  +284 
I 4  -284 - 2 8 4  -284 
I 5  174 1 7 4  + I  74  
I 7  29.4 2 9 . 4  n o t  pe rmi t t ed  
I5 IO 1 + IO 
209 
2 .  F format,  i n  t h e  form F w . ~ .  F s p e c i f i e s  t h a t  t h e  va lue  has  a f r a c t i o n a l  
p a r t ;  w s p e c i f i e s  t h e  f i e l d  l e n g t h  i n  which t h e  va lue  can be punched; d 
i n d i c a t e s  t he  number of columns a l l o c a t e d  a f t e r  t he  decimal p o i n t .  With an 
F format  no decimal po in t  i s  punched because d p r e s c r i b e s  where the  decimal 
p o i n t  i s  placed when such a va lue  i s  s to red  i n  the  computer memory. I f  t h e  
dec imal  po in t  i s  punched, i t  ove r r ides  d .  A s  wi th  t h e  I format ,  t he  use of 
a p l u s  s i g n  i s  o p t i o n a l ,  l e a d i n g  b lanks  are ignored ,  and b lanks  a f t e r  t h e  
l a s t  d i g i t  are i n t e r p r e t e d  as zeros .  Examples of F formats  a r e  shown below. 
Format Ex te rna l  va lue  Card columns Value s to red  i n  
1 2 3 4 5 6 7 8 computer memory 
F8.5 2.35472 2 3 5 4 7 2  +2.35472 
F5.2 -0.78 - 7 8  -0.78 
F8.3 24.0 2 4  +24.000 
F6.3 4.75 4 . 7 5  +4.750 
3 .  A format i n  t h e  form &. A s p e c i f i e s  t h a t  t he  v a l u e  con ta ins  alpha- 
numerics (bes ides  d i g i t s ,  a l s o  cha rac t e r s  A-Z) ;  t h i s  format i s  used t o  
p r i n t  headings and exp lana t ions  a long  wi th  output  d a t a ;  w s p e c i f i e s  t h e  
f i e l d  l eng th  i n  which t h e  va lue  can be punched. Examples of A formats are 
shown below. 
Format Ex te rna l  va lue  Card columns Value s t o r e d  i n  
1 2 3 4  computer memory 
A2 cm 
A4 c m  
A4 d a t a  
c m  
c m  
d a t a  
c m  
c m  
d a t a  
I n  gene ra l ,  more v a l u e s  than  j u s t  one w i l l  be punched on a card .  Data are 
e n t e r e d  i n t o  t h e  computer memory by the  execut ion  of a READ s ta tement  i n  
t h e  sou rce  program. This  s t a t emen t  l i s t s  t h e  names of t h e  v a r i a b l e s  f o r  
which c e r t a i n  v a l u e s  are t o  be  read from a card .  A r ead  s ta tement  can a l s o  
r ead  t h e  va lues  of an a r r a y ,  which i s  a c o l l e c t i o n  of v a r i a b l e s  of one 
s p e c i f i c  type. Values must be punched on t h e  card  i n  t h e  same sequence as 
t h e  v a r i a b l e  names are l i s t e d  i n  t h e  READ s ta tement .  The computer then 
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fo l lows  a scanning process :  t h e  f i r s t  va lue  on t h e  card  cor responds  wi th  
t h e  f i r s t  v a r i a b l e  name, t h e  second va lue  with t h e  second v a r i a b l e  name, 
and so on, f o r  as many v a r i a b l e  names as t h e r e  are. 
The scanning proceeds from l e f t  t o  r i g h t  and begins  wi th  t h e  f i r s t  (most 
l e f t )  d a t a  va lue  on t h e  card.  The execut ion  of a new READ s t a t emen t  always 
i n i t i a t e s  t h e  r ead ing  of a new ca rd .  
I f  more v a r i a b l e  names have t h e  same format ,  one can p l a c e  a r e p e t i t i v e  
number ( m u l t i p l i e r  d i g i t )  b e f o r e  the  a c t u a l  format.  So, 514 means t h a t  f i v e  
succeeding v a r i a b l e  names have t h e  same format:  14. This i s  v a l i d  f o r  a l l  
t h r e e  types of formats .  
Two o t h e r  s i g n s  w i l l  be encountered i n  t h e  format s t a t emen t s .  The f i r s t  i s  
t h e  s i g n  1 ;  i t  i n d i c a t e s  t h a t  more than  80 columns have been a l l o c a t e d  t o  
punch the  necessary  informat ion  and t h a t  t h e  remaining informat ion  can be  
found on t h e  fo l lowing  card .  I f  80 columns o r  less a r e  used ,  t he  fo l lowing  
card  must be a blank. The second s i g n  i s  t h e  cha rac t e r  x preceded by a 
d i g i t ;  i t  means t h a t  i n  c e r t a i n  columns no information i s  t o  be expec ted ;  
f o r  example, 8x i n  a format s t a t emen t  w i l l  s k i p  the  r ead ing  of 8 columns. 
! Examples 
Card 6 of Data Se t  I (Chap. 4 Sec t .  2.1) i n i t i a t e s  t h e  r ead ing  of a new 
c a r d  i n  t h e  card  deck; four  v a l u e s  must be punched on t h a t  c a r d ,  cor respond-  
ing  t o  t h e  v a r i a b l e  names of DELTA, M I N O R ,  MAJOR,  and LIST. 
0 .50 ,  MINOR = 4 ,  MAJOR = 3, LIST = 2 ,  and the  corresponding format i s  F4.2,  
314, t h e  va lue  f o r  DELTA must be  punched according t o  format F4.2 and t h e  
va lues  of M I N O R ,  MAJOR and LIST according t o  format 14. The punched ca rd  i s  
then  as fo l lows:  




SEPARATION OF THE COMPONENTS OF 
THE NET RECHARGE 
I n  the standard groundwater model package, the n e t  recharge i s  divided i n t o  
two ca t egor i e s :  e x t e r n a l  flows measured o r  c a l c u l a t e d  a s  a depth p e r  time 
and ex te rna l  flows measured o r  c a l c u l a t e d  as a volume per  t i m e .  To each 
category, w e  have a l l o c a t e d  one v a r i a b l e :  RECH(K) t o  t h e  f i r s t  and FLWCON(K) 
t o  the second. The va lues  of t hese  v a r i a b l e s  r e p r e s e n t  t he  a l g e b r a i c  sum of 
a number of e x t e r n a l  flows, which i s  c a l c u l a t e d  manually and en te red  i n  t h e  
computer. Th i s  procedure i s  followed t o  keep t h e  c a l c u l a t i o n  program's 
memory requirements w i th in  c e r t a i n  l i m i t s  and o f  t h e  same o r d e r  of magnitude 
as those of the o t h e r  programs. 
I n  c a l i b r a t i n g  the  model o r  i n  making production runs ,  i t  may happen t h a t  
one wants t o  change t h e  va lues  of one o r  more of t h e  e x t e r n a l  flow com- 
ponents.  For example, i n  c e r t a i n  nodal  a r eas  one may wish t o  change the  
a b s t r a c t i o n  rates of  pumped w e l l s  by 20 per c e n t ;  one cannot t hen  simply 
change the  lumped v a r i a b l e  FLWCON(K) by 20 per  cen t .  A s  explained i n  Chap. 
6 ,  t he  procedure t o  be followed t o  o b t a i n  the  new nodal  FLWCON(K) values  i s  
t o  c a l c u l a t e  by hand t h e  new a b s t r a c t i o n  r a t e s  of t h e  nodal areas i n  
ques t ion  and add t o  them t h e  e x t e r n a l  flows t h a t  have remained unchanged. 
These t ed ious  hand c a l c u l a t i o n s  can b e  avoided by l e t t i n g  t h e  computer do 
t h e  job. To do so,  one a l l o c a t e s  s e p a r a t e  v a r i a b l e s  t o  each of t h e  e x t e r n a l  
flows and makes the  fol lowing adjustments  i n  SGMF'2 o r  OPR02, depending on 
which program package one i s  using:  
In the  dimension s t a t emen t s ,  add t h e  names of t h e  new v a r i a b l e s ;  
I n  the READ s ta tements ,  add the  reading of t hese  new v a r i a b l e s  and 
remove from the  READ s t a t emen t s  t h e  reading of RECH(K) and FLWCON(K). 
A f t e r  t he  new READ s t a t emen t s ,  add two s ta tements  i n  which t h e  new 
v a r i a b l e s  a r e  lumped t o g e t h e r  i n  e i t h e r  RECH(K) o r  FLWCON(K) o r  i n  
bo th .  This  i s  done t o  avoid having t o  make more adjustments than would 
otherwise be necessary.  
Because the boundary cond i t ions  can be read on t h r e e  d i f f e r e n t  t i m e  l e v e l s  
depending on t h e  value of LSW3, these adjustments  must be made t h r e e  t imes.  
To i l l u s t r a t e  t h e  adjustments ,  l e t  u s  assume a model s tudy i n  which the  
fo l lowing  e x t e r n a l  flows occur:  
recharge by r a i n f a l l  
p e r c o l a t i o n  of i r r i g a t i o n  water from t h e  f i e l d  
a b s t r a c t i o n s  by we l l s  
subsurface flow across  f low-control led boundaries.  
p e r c o l a t i o n  of i r r i g a t i o n  water from t h e  main and branch cana l s  
The d a t a  of t h e  f i r s t  two e x t e r n a l  f lows, which are a v a i l a b l e  a s  a depth 
p e r  t i m e ,  a r e  denoted a r b i t r a r i l y  as R I  (K) and R2(K) , r e s p e c t i v e l y .  The 
d a t a  of the o t h e r  t h r e e  e x t e r n a l  f lows, which are a v a i l a b l e  as  a volume per  
t i m e ,  are denoted a r b i t r a r i l y  as PI(K),  P2(K), and P3(K) r e s p e c t i v e l y .  
These s e p a r a t e  v a r i a b l e s  must be added t o  the l i s t i n g  of SGMP2 o r  OPR02, 
p a r t  of which i s  presented below. An a s t e r i s k  means t h a t  a new card must be 
added and a minus s i g n  means t h a t  an e x i s t i n g  card must be removed; a 
broken l i n e  i n d i c a t e s  t h a t  a jump has been made i n  the  l i s t i n g  (see a l s o  
Appendix I ) .  
C GROUNDWATElZMODEL/PART2 : CALCULATION OF GROUNDWATER FLOW(GAUSS/SEIDEL) 
INTEGER TNN , SUBITR 
REAL IMP 
DIMENSION NREL(NN,7) ,NSIDE(NN) ,AREA(") ,TITLE(40) ,TMBAS(2) 
DIMENSION H(TNN) ,HO(") ,HCONF(NN) ,HOCONF (NN) ,DRECH(NN) 
DIMENSION RECH(NN) ,FLWCON(NN) ,TOTALQ(NN) ,S(NN) ,QSEEP (NN) 
DIMENSION CONDU(NN,7) ,PCONF(NN) ,SC(") ,ASC(NN) ,AS(") 
DIMENSION BL(TNN) ,UL(NN) ,OL(") ,THID(NN) ,SL(NN) 















DO 90 L=l,LIST 
IF(LSW3.NE.I) GO TO 31 
READ(IRD, 1 )  (RI (K) ,K=I ,NNI 
READ(IRD, I )  (RZ(K) ,K=l ,NN)  
READ(IRD, I )  (RECH(K) ,K=l ,NN)  
FORMAT(8x, l4F5.3) 
READ(IRD,Z) (PI(K) ,K=l ,NNI 
READ(IRD,Z) (P2(K),K=I ,NNI 
READ(IRD,2) (P3(K),K=I ,NN) 
READ(IRD,Z) (FLWCON(K) ,K=l ,") 
FORMAT(8x, 7F IO. 4) 
DO 32 K=l ,NN 
RECH(K)=RI(K)+RZ(K) 
FLWCON(K)=PI(K)+PZ(K>+P3(K) 
RECH( K) =RECH( K) AREA( K) 
READ(IRD,4) (H(K) ,K=NO,TNN) 
FORMAT (8x, 9F8.2) 
DO 80 M=l ,MAJOR 
IF(LSW4.EQ. I.AND.L.NE. 1 )  GO TO 5 
IF(LSW3.NE.2) GO TO 5 
READ(IRD, I )  (RI (K) ,K=l ,NN) 
READ(IRD, 1 )  (R2(K) ,K=I ,NN) 
READ(IRD, I )  (RECH(K) ,K=l ,NN) 
READ(IRD,Z) (PI(K),K=I,NN) 
READ(IRD,2) (PZ(K) ,K=l ,NNI 
READ(IRD,2) (P3(K) ,K=l ,NN) 
READ(IRD,2) (FLWCON(K),K=l,m) 
DO 3 K=l ,NN 
RECH(K)=RI(K)+RZ(K) 
RECH(K)=RECH(K)~AREA(K) 
FLWCON (K) =P 1 (K)+P2 (K) +P3 (K) 










5 DO 70 JT=l ,MINOR 
IF(LSW3.NE. 3) GO TO 7 
READ(IRD, I )  (RI (K) ,K=l ,NN) 
READ(IRD, I )  (R2(K) ,K=l ,NN) 
READ(IRD, I )  (RECH(K) ,K=l ,NN) 
READ(IRD,2) (PI (K) ,K=l ,NN) 
READ(IRD,2) (P2(K) ,K=l,NN) 
READ(IRD,2) (P3(K) ,K=l ,NN) 
READ(IRD,2) (FLWCON(K) ,K=l ,NN) 
DO 6 K=l ,NN 
RECH( K) =R 1 ( K) + ~ 2  ( K) 
FLWCON(K)=PI(K)+PZ(K)+P3(K) 
RECH( K) =RECH( K) A R E A (  K) 
READ(IRD,4) (H(K) ,K=NO,TNN) 




Because the  e x t e r n a l  f l o w s  are lumped toge the r  i n  t h e  c a l c u l a t i o n  program, 
e i t h e r  i n  RECH(K) o r  FLWCON(K) o r  i n  bo th ,  t h e  p r in t -ou t  of t h e  r e s u l t s  
w i l l  only show t h e  lumped va lues .  If one wishes t o  have a pr in t -out  of t h e  
s e p a r a t e  va lues ,  a l i s t i n g  of Data Se t  I1 must be made. 
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